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CHAPTER I 
INTRODUCTION 
In the latter half of the nineteenth century, the screw 
propeller began to replace the paddle wheel as the most 
efficient means of ship propulsiona As the speed of the 
shaft revolution was increased, a point was reached where 
the propellers "raced," the efficiency deteriorated, and the 
power needed could not be delivered to the water. As early 
as 1873, Osborne Reynolds attributed racing to what he des-
cribed as the admission of air to the propeller which would 
interfere with the supply of water to the bladeso While 
this turned out not to be the explanation for the obser-
vations of the time, such air admission would indeed result 
in what we now call "ventilation," with the same effectso 
The mystery was finally cleared up in the 1890's to 
the extent that the source of the trouble was identified 
and given a name .. The new phenomenon was called "cavitation" 
by R .. E .. Froudeo 
Cavitation has long been of interest and importance in 
the fields of shipbuilding and hydraulic machinery .. In 
recent years cavitation has become of increasing interest 
and importance in a number of other applications and tech-
nologies .. .Among the latter are such diverse disciplines as 
1 
2 
chemical processing (acceleration of reactions and industrial 
cleaning), nuclear physics (use of bubble chambers for 
research on high-energy particles), and handling of highly 
volatile liquid rocket fuels and cryogenic liquidso 
Cavitation is defined as the process of formation of 
the vapor phase of a liquid when it is subjected to reduced 
pressures at constant liquid temperature. In general a 
liquid is said to cavitate when vapor bubbles are observed 
to form and grow as a consequence of pressure reductiono 
When the phase transition is a result of pressure change 
by hydrodynamic means, a two-phase flow composed of a liquid 
and its vapor is called a cavitating flow. These definitions 
imply a distinction between phase transitions associated 
with reduction of pressure (cavitation) and addition of 
heat (boiling)e Heat-transfer effects may play an important 
role in many cases of. cavitating liquidso Such effects are 
especially important in liquids near their boiling pointso 
From a purely physical-chemical point of view, of course, 
no distinction need be made between boiling and cavitation, 
at least in so far as the question of inception is concernedo 
It is now the generally accepted view that the inception 
of cavitation is associated with the growth of nuclei (sub-
microscopic in size) which contain vapor, undissolved gas, 
or both, and which are present either within the liquid or 
in crevices on suspended particle matter or on boundary 
wallso Some insight into the many variables that affect the 
inception of cavitation may be gained through a theoretical 
3 
investigation of the growth of.small nucleio The theoretical 
investigation consists of solving the differential equation 
which describes the motion of small nuclei under transient 
pressures. The nuclei content and initial radii are unknowns; 
nevertheless, important trends can be obtained by making the 
necessary assumptions which are needed to obtain solutions 
to the equation of motion& The effects of viscosity, surface 
tension, density, velocity, inert gas content, polytropic 
changes within nuclei, and vapor pressure upon nuclei growth 
are shown in this paper. 
Extensive past experimentation concerning the true 
liquid pressure at the occurrence of cavitation has shown 
that, in general, the pressure at the initiation of cavitation 
is not the equilibrium. vapor pressure, and in many instances 
is not even representative of the vapor pressureo Lehman 
a:t:id Young [3]* measured pressures near the plane of incipient 
cavitation for water flowing through venturi type test 
sections .. They reported only one pressure which was below 
. the liquid vapor pressure. This is not in agreement with 
the experimental investigation reported by Ruggeri and 
Gelder [33]Q Ruggeri and Gelder observed the pressure at 
the plane of incipient cavitation to be below the liquid 
vapor pressure: and to decrease with an increase in stream 
velocity .. 
*Numbers in brackets designate References listed in 
Bibliography. 
.An experimental investigation was made in order to 
determine the validity.of reported experimental data con-
cerning the conditions at the inception of cavitation .. 
4 
The objectives of the experimental investigation were two;... 
fold. First, the necessary tests were performed to determine 
the validity of recent reported experimental data. This 
required the construction of a hydrodynamic tunnel so that 
venturi-type test sections could be installed and the in-
ception of cavitation studiedo Second, a comparison between 
the conditions at the inception of cavitation for different 
test sections were made. The test sections used in this 
investigation were axisymmetric (circular cross-section) 
and two~dimensional (rectangular cross-section) with 
converging-diverging shapes. 
CHAPTER II 
LITERATURE REVIEW 
The literature on cavitation has grown to great pro-
.. portions since studies began in the late nineteenth century a 
This is due to the large number of variables· involved and 
to the wide range of the aspects of cavitation, any one of 
which may happen to be of prime interest to investigators 
in different fields,. The literature reviewed on cavitation 
was that literature directed toward vaporous cavitation as 
might be expected to occur in fluids flowing through conduitso 
In order to clearly bring out the problem to be dis-
cussed, it is necessary to distinguish between two broad 
types of cavitation. Vaporous cavitation is the sudden 
expansion of a v~por bubble due to vaporization of the 
liquid at the bubble wall, whereas gaseous cavitation is 
the relatively slow expansion of a gas bubble due to dif-
fusion., _ Strasoerg [ 1 J showed that the critical pressure 
needed for vaporous cavitation would be equal to or less 
than. the vapor pressure, whereas gaseous cavitation could 
occur at pressures above the vapor pressureo 
Vaporous cavitation, a phenomenon caused by a decrease 
in the stream pressure, may occur as a result of any one or 
combination of the following: (1) friction in the conduit, 
5 
(2) reduction of the flow area, (3) centrifugal ef;fects · 
(flow in bends), (4) vibration, etc. However, pressure 
alone does not.specify the conditions under which a flowing 
fluid will cavitateo It might be said that pressure below 
the vapo:r:: pressure is a necessary condition for vaporous 
cavitation; however,_ this is not sufficient because of 
" 
other variables. 
Vari.ables Affecting Cavitation 
The variables which affect the onset of cavitation-may 
be divided into four major groups. These groups together 
with the individual group variables are: 
Io Fluid Properties 
lo Vapor pressure 
2o Surface tension 
II .. Foreign Variables 
1o Dissolved gases 
2o Undissolved gases 
6 
J .. Wettability of liquid 
4 .. Viscosity 
5-., Thermal conductivity 
3. Impurities (solids, 
dissolved solids, 
etco). 
60 Mass diffusion coefficient 
7o Pressure 
III .. Conduit Variables 
1o·Surface roughness 
IV .. Dynamic Variables 
1o Turbulence level 
2 .. wi:aterial of conduit 2. Pressure distri-
bution 
Jo Velocity 
4 .. Vibration 
Because of the large number of variables involved, the 
efforts to find similarityor scaling laws encompassing 
all of these variables has not been successful .. 
The problem of ~etermining the conditions under which 
a fluid will cavitate is not impossible because of the 
relatively minor role most of these variables play and the 
7 
dominant role of a fewQ Vapor pr~ssure is the most important 
single variable because it gives an indication of the pressure 
necessary to cause cavitation .. Several investigators have 
considered the nuclei (small invisible bubbles filled with 
a mixture of inert gas and vapor) present in the fluid and 
conduit as an important variableQ The role of the nuclei 
in producing cavitation will be discussed in a following 
section .. 
Incipient and Desinent Cavitation 
Incipient cavitation is defined as that phenomena 
which occurs when the stream pressure progresses from a 
condition of no cavitation to one supporting cavitationo 
It marks the onset of cavitation .. Desinent cavitation, on 
the other hand, identifies the condition when .the stream 
passes from a condition supporting cavitation to one in 
which there is no cavitation .. It defines the cessation of 
cavitation.. Many investigators in the past called·· both the 
beginning and the cessation "incipient" cavitation.. Holl [2], 
in 1960 named these two different occurrences of cavitation .. 
For incipient cavitation there will correspond a 
particular V?,lue of pressure called the "inception pressure," 
pi' whereas for desinent cavitation there is the "desinence 
pressure,'" pd .... From these definitions there follows the 
incipient-cavitation number K. and desinent-cavitation 
lo 
number Kd defined by 
0 
8 
p. 
- Pv lo 
K. = 2 
' lo 1 
(2-1) 
po vi 2 
0 
and 
pd - Pv 
Kd 
0 
= 2 . 
-1. Po vd 0 2 
0 
(2-2) 
The subscript 11 0" designates a reference state which is 
usually taken upstream of the minimum pressure sectiono 
The experimental investigations by Lehman and Young 
[3] and Kermeen [4] indicate that the desinence pressure, 
pd' is greater than or equal to the inception pressure, 
Pio The pressure difference pd - pi is often referred to 
as the "cavitation hysteresis .. " Thus, for the same vapor 
pressure the following relation between equations (2-1) 
and (2-2) can be written: 
For a given flow condition Kd appears to be the upper 
0 
limit for Ki a Holl [2] pointed out that investigators 
0 
(2-3) 
in the past referred to desinent qavitation as incipient 
cavitation becauf:le of its repeatable naturea However, in 
some cases the only difference between incipient and 
desinent cavitation is in the definitionso 
Inception of Cavitation 
Some insight into the inception of cavitation can be 
gained by examining the theory of nuclei, sources of-nuclei, 
9 
and scale effects. 
Nuclei Theory for Cavitation Inception 
It is now the generally accepted view that the in-
ception of cavitation in ordinary liquids is associated 
with the growth of nuclei which contain vapor, undissolved 
gas, or both, and which are present either within the liquid 
or in crevices on boundary walls. On the basis of physical 
arguments made by Eisenberg [5], it is unlikely that com-
pletely dissolved gases can play a dominant role in inception, 
although in certain cases such dissolved gases may become 
important during the inception process. The wor~ of Harvey, 
McElroy, and Whiteley [6] is o~ particular importance in 
this connection. They demonstrated that air-satu:rated water, 
after having been "denucleated" by prior application of large 
pressures, exhibited very high fracture strength. Thus, 
the presence of large nuclei is taken to account for 
cavitation onset at pressures of the order of vapor pressureo 
Cavitation ince.ption is a dynamic phenomenon; however, 
the basic principles can be revealed by a static analysiso 
For static equilibrium the following equation for a spherical 
_bubble must be satisfied: 
(2-4) 
For a constant weight of a perfect gas at constant tempera-
c. 
J. ture, Pg= R3 , where Ci is proportional to the number of 
molecules or weight of the gas and R refers to the radius 
10 
of the sphereo Hence equation (2-4) becomes 
(2-5) 
The minimum value of p~ - p* occurs at a radius 
or 
(2-6) 
In this relation the negative sign indicates that the 
critical fluid pressure is actually below the vapor pressureo 
If the pressure is decreased slightly from the condition of 
(p~ - Pv)min = P* at R = R*, the bubble becomes unstable and 
tends to grow without bound. At pressures greater than the 
critical pressure, the bubble is stable and assumes an 
equilibrium radius which satisfies equation (2-4). The 
relation between p~ - Pv and diameter for different values 
of Ci and an assumed surface tension value of 00005 lbsQ 
per ft. for 68°F water are shown in Figure 1. The cor-
responding relation between pressure and critical diameter 
is shown in Figure 2. 
!t may be observed from equation (2-6) that the 
. critical radius for a bubble containing only vapor (C. = 0) 
1 
is zero and, consequently, that the fluid pressure must be 
infinitely negative in order to cavitate such a bubbleo 
This requirement for infinite pressure to cause instability 
of a vapor bubble must be modified when the bubble radius 
approaches molecular size and the continuum theory becomes 
invalid .. 
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The previous analysis has considered only the static 
stability of the cavitation nuclei. It appears reasonable 
to expect that if nuclei are subjected to transient pressure 
reductions the critical pressure for instability might be 
considerably less than the value given by equation (2-6)o 
Noltingk and Neppiras [8], [9] were able to show, in the 
majority of cases, that the critical pressure predicted by 
the static analysis is not significantly altered by the 
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duration of the transienta The investigations performed by 
-Noltingk and Neppiras revealed that the pressure need .only 
stay at the critical pressure for a time slightly greater 
than the natural period of oscillation of the bubbleo For 
a bubble diameter of Oo001 inches, the pressure need remain 
at the critical value for approximately 10 microseconds" On 
the other hand, cavitation experiments conducted at high 
velocities on small scale models with short low pressure 
regions (flow through venturi-type nozzles) can be mis-
leading if it is assumed that dynamic effects do not 
influence the cri t'ical nuclei size and pressureo 
Sources of Nuclei 
In the previous section a spherical gas bubble was 
assumed as the nuclei for cavitation. Such nuclei do 
exist near the surface of agitated liquids as continuously 
entrained air bubbles. However, at greater depths or in 
a confined fluid, it appears that the gas should dissolve 
in the fluid. The partial pressure of the gas within 
the bubble is higher than the surrounding fluid pressure 
because of surface tension and thus some gas should 
diffuse into the liquid. The loss of gas decreases the 
size of the bubble and thus increases the surface tension 
pressure which increases the gas partial pressure and 
increases the rate of diffusion into the liquid, and so 
forth. From equation (2-6) we have seen that stable 
spherical vapor nuclei cannot exist. Consequently, 
some nuclei source other than free gas bubbles must 
be postulated in order to explain the cavitation that 
is observed in fluids in which free gas bubbles of the 
required size for instability are not observedo 
When new glass which has been cleaned with acid is 
immersed in water, the water tends to fill all the micro-
scopic cracks and crevices. Such a surface is often re-
ferred to ashydrophyllic. Schweitzer and Szebehely [10] 
ran.some gas evolution tests by placing the fluid to be 
tested in steel and lucite containers. No precaution was 
13 
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made to clean the containers chemicallyo With water they 
were unable to produce any appr~ciable supersaturation 
without observing bubble formation. However, with petroleum 
hydrocarbons, which wet both steel and lucite, they observed 
considerable supersaturations without bubble release, 
provided the liquid was kept 'in a static stateo This 
illustrates that the properties of the liquid are important 
when studying cavitationo 
A material in which water does not tend to fill micro-
scopic cracks and crevices is classified as hydrophobico 
This type of material includes almost everything and thus 
gas volumes a~e easily contained in the crevices of foreign 
part':i.cles entrained.in the fluid or in the crevices of the 
boundary material. itselfo It is presently believed that the 
nuclei needed for the cavitation process (other than free 
gas bubbles) are located in the crevices and cracks of such 
hydrophobic materials. Harvey, McElroy, and, Whiteley [6] 
were able to show that in a crevice of a hydrophobic material 
it is possible to have contact angles between the liquid, 
solid, and gas, such that the surface tension pressure is 
considerably reduced and tends to decrease rather than in-
crease the cavity pressure .. Under these circumstances it 
is possible to postulate an equilibrium condition in which 
gas neither diffuses into or out of the gas trapped in the 
crevice, and it is these microscopic gas volumes that are 
currently believed to be the nuclei needed for cavitation 
inceptiono 
Knapp [11] attributed the tendency of a contaminated 
'liquid to cavitate as soon as the local pressure drops 
below the vapor pressure to "weak spots" which are not 
present in a pure liquid. The findings of Knapp agreed 
with those of Harvey et. al. [6] in that weak spots which 
initiate cavitation usually occur on solid surfaces in 
contact with liquidsG Knapp observed that normal cleaning 
methods were inadequate to remove weak spots from metal 
surfaces. This is probably due to the presence of in-
numerable cracks.in the metal surfaceo 
In summary, there are three distinct sources of 
nuclei. Each·source is capable of causing the phenomena 
of cavitationo These are: 
1. The free undissolved gas bubble, usually 
macroscopic in sizeo 
2o The nuclei that exist in the crevices of 
foreign particles. 
3. The nuclei that exist in the boundary material. 
Kermeen, McGraw, and Parkin [12] were able to 
take pictures of this source of nuclei during 
a cavitation studyQ 
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The interpretation of cavitation tests in which cavi-
tation is actually produced in the test facility is affected 
by the nuclei present. To properly extrapolate such test 
results to predict when cavitation will occur on the 
prototype, the relevant scaling factors must be considered. 
Cavitation Scale Effects 
If the occurrence of cavitation were uncluttered py 
the appearance of scale effects, the experimental study of 
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cavitation would be fairly easy. The test of a given shape 
over a range of K0 values would give the desired information. 
An indication of such an idealized cavitation behavior is 
presented with the aid of Figure 3. 
The streamlines and pressure coefficient for potential 
flow past a simple shape are shown in Figure 3 (a) and 
3 (b), respectively. At some point on the body, the minimum 
pressure occurs. The absolute value of this pressure is 
dependent only on the relative flow velocity, V0 ; the refer-
ence pressure, p0 ; and the exact shape of the bodyo This 
minimum pressure value for the given body is thus uniquely 
characterized by C , the minimum value of the conventional 
Pmin 
pressure coefficient in which 
p - p 
0 
Cp = .l. P V 2 
2 0 0 
Q (2-7) 
In the idealized situation no cavitation test would 
be required, because the value of K0 at which cavitation 
would first appear is simply -cp .• If the pressure could 
min 
be measured at the proper location,.cp. could be found by 
min 
a noncavitating test with water or even air as the test 
mediumo However, as a result of scale effects, cavi t._ation 
tests are required. 
The manner in which a cavitation test would verify 
Vo 
'IJl ~77 7777 77 -x . 
(a) FLOW PAST A BODY 
+1.0 
CPm --in 
-1.0 
(b) PRESSURE VARIATION 
ON BODY 
a, 
IL 
-C j 
Kie, 
CAVITATION NUMBER, Ko 
(c) DIRECTION OF TEST 
·SOURCE: REF. 13 
-
Figure 3. Body Flow Dynamics and Idealized 
Cavitation Test Behavior 
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the Ki .· prediction in the idealized cavitation situation is 
0 
shown in Figure 3 (c). A cavitation test is normally con~ 
ducted with the initial operation of the test facility at 
a high K0 v~lue for which there is no possibility of 
cavitat'ione The operating K0 value is then reduced either 
by raising V0 or lowering p0 , with an associated decrease 
in the ab~olute pressure Pmin' until the value Pmin = Pv 
is reached ... The reduction of K0 below the inception value 
(K. ) has no further effect on p . , which remains equal 1 0 min 
to Pve However, the nature of cavitation is changed as K0 
is reduced below K .• At the inception point the cavi-
10 
tation consists of small bubbles that quickly collapse 
with tremendous noise as they proceed into regions of 
higher pressureo At K0 values below Ki , larger cavities 
0 ' 
may form which change the flow and force relations for the 
object or conduit. 
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Unfor'tunately, little is known about how the con-
ditions at the beginning of a cavity change with the degree 
of cavitation. Thus, a detailed study of this change of 
conditions could provide useful information. 
From this discussion of the idealized cavitation 
occurrence situation, scale effects may be defined as any 
flow phenomena which will cause deviations from the 
idealized occurrence. Thus, if the pressure distribution 
over the body·varies with the nature of the flow, this 
represents one kind of scale effect. If cavitation does 
not always start when Pv is reached, then another type of 
scale effect is represented. The pressure distribution 
on a body is affected by such factors as fluid viscosity, 
surface roughness, etco The pressure at which cavitation 
occurs depends on such factors as nuclei present, surface 
tension, pressure distribution, etc. 
Holl and Wislicenus.[14] pointed out-that the 
idealized similarity relation of cavitation (K0 =[p0 - pv]/t 0 
P0V0 2) is based on certain assumptions: 
1.. All pressure difference·s in the flow are 
2 proportional t.o PV • 
2o Geometric similarity includes' surface 
irregularities of the flow boundariese 
3o The vapor pressure in the flow field is 
constant and the pressure at which cavi-
tation takes place is the equilibrium 
vapor pressure .. 
4o Cavitation takes place instantaneously 
whenever the vapor pressure is reached .. 
The correct similarity relations which are needed to 
describe cavitation are unknown. However, Holl and 
Wislicenus [14] listed several similarity relations which 
may help describe cavitationo These are given in Table I .. 
The classical relation, included in Table I, must always 
be satisfied together with the requirement of geometric 
and kinematic similarity .. 
Investigations of the Inception of Cavitation 
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The following sections will be devoted to a discussion 
of the experimental and theoretical investigations of 
cavitation inception for unseparated flow past streamlined 
bodies, separated flow past non-streamlined bodies, and 
flow through venturi type nozzles,, orifices, tubes, and 
bends .. 
Unseparated Flow Past Streamlined Bodies 
A streamlined body is a body in which the curvatures 
are sufficiently mild to permit nearly ideal flow (that is, 
No. 
'~ Flow 
Hydrodynamic 
Scale 
Effects 
On The 
Fluid 
Pressure 
Thermodynamic 
Scale 
Effects 
Molecular 
And Other 
Microscopic 
Scale 
Effects 
I 2 
~ 
4 
-
5 
6 
I 
7 
8 
·9 
TABLE I 
CAVITATION SIMILARITY RELATIONS 
Forces And 
Characteristics 
Inertia Forces .2!l!l'. 
(Classical Theory) 
Viscosity And 
Inertia Forces 
Gravity ·And 
Inertia Forces 
Elastic And Inertia Forces 
(Compressibility) 
Effects of Surface 
Irregularities 
Effects of Vapor 
Pr~ssiire 
Effects of Vaporization 
And 
Heat Transfer· 
General Similarity 
Requirements 
p - p 
K = ~ = Const~ 
Reynolds' Law of Similarity 
Re = VL/v = Const. 
Froude '~ L,aP-:9f Similarity 
FL= v/,JsL, • Const._ 
Law of Constant Mach Number 
M = V/c = Const. 
h/6 = Const. 
for Re = Const.: h/L, = Const. 
P/P = Const. 
l oPV 
P.11T ...i.-2.. aL V V 
P n, = Const. 
e 
' . 
i. 
CpL 
CPL VL1 
Pee let Number, Pe 
=~ 
Similarity Requirements 
For Same Fluid Properties 
P · • Pv proportional to va 
VI., = Const. 
v/ .{sL,. = Const. 
V = Const. 
SAME 
p = Const. 
Therefore V = Const. 
VL1 = Const. 
(6) and (7) may ble neglected if P/~ is very small (e.g. for Cold Water) 
Surface Tei1.sion 
And 
Inertia Forces 
Number of Nuclei 
Law of Constant 
Weber Number 
W = pV2 L1 la = Const. 
afN · L, = Const; (Only if nearly 
4ly-·nuclei form centers of cavitation) 
V2 L1 -=. Const. 
L1 • Const. 
. Probable Effects On 
K of Changes in V and L,. Only 
No Effects 
K • Const. 
K Increases 
With VL1 
Vertical Diffe~ences In 
Cavitation Decre,a~ With 
.Iner.easing _.v / ,JLi1 
Not Predictable. Probably 
Effective Only With 
Extensive Cavitation 
K Increases With h/L,. • 
K decreases with increasing 
IL1 .if h increases slower than L,.. 
K increases with V 
K decreases with 
increasing VL1 
K increases with 
v"t.,. 
K increases with 
L1 (for N = Const.) I\) 
0 
flow without boundary layer separation). The pressure 
distribution on this body, as obtained from potential flow 
theory, would be expected to be in good agreement with 
experimental measurements if the boundary layer displace-
ment thickness is small compared with the body diameter" 
This condition is usually met if the Reynolds number is 
sufficiently high to produce a fully developed turbulent 
boundary layer [15]o 
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Knapp and Hollander [16] made a high-speed photo-
graphic study (20,000 pictures per second) of the formation 
and collapse of individual bubbles during the flow of 
water past a 1.5 caliber Ogive-Nosed bodyo The life of 
the bubble from the instant it was large enough to be 
detected until the completion of its first· collapse was 
only about 00003 seconds., The formation period required 
about three fourths of this time, leaving one fourth for 
the collapse period. The conditions of the water tunnel 
were V0 = 40 fps, Pv = Oo40 psia, and p0 = 4 psiao 
In many of the pictures taken, it was obvious that 
the collapse of one bubble had a major effect on the 
collapse of its neighboro Furthermore, as the severity 
of the cavitation was increased, the bubble concentration 
built up very rapidly, so that rarely if ever could a 
single bubble be seen to form and collapse without inter-
ference., 
Kermeen, McGraw, and Parkin [12] investigated several 
geometrically similar hemispherical and 1o5-caliber Ogive-
22 
Nosed bodies for cavitation inception at various water 
t1.mnel speeds. The results of this investigation are shown 
in Figure 4o Figure 4 illustrates that the measured 
incipient cavitation numbers were less than C and 
Pmin 
depended on both the model size and the test velocityo 
However, the data indicates that the incipient cavitation 
number does approach C 
Pmin 
for large size bodies and high 
tunnel speedso It is suggested that the scale effects shown 
in Figure 4 are primarily caused by the low concentration 
of nuclei and the small nuclei sizes present in the test 
water [17]o The curves shown in Figure 4 are average 
curves drawn through the datae 
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Figure 5 shows how the desinent cavi.tation number 
varies with the Reynolds number for the flow of water past 
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Joukowski hydrofoils. For a given size the desinent cavi-
tation number increases with the Reynolds numbero Further-
more, for a given Reynolds number the desinent cavitation 
number decreases with increasing sizeo On the other hand, 
the NACA 16012 hydrofoil data shown in Figure 6 differ 
markedly from the trend shown in Figures 4 and 5. In 
Figure 6 the cavitation number decreases for a given size 
with increasing Reynolds number (with increasing velocity) 
and increases for a given Reynolds number with increasing 
sizeo This unique behavior goes together with the flat 
pressure distribution of these profiles at 0-degree angle 
of attack (see,Figure 7) in contrast to the peaked minimum 
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pressure of other streamlined bodies treatedo Calehuff and 
Wislicenus [20] reported that cavitation on the profiles with 
flat pressure distribution had the form of traveling bubbles; 
whereas, with peaked under-pressures cavitation appeared to 
be attached to the surface. 
The scale effects can be seen by examining Figures 5 
and 60 Also, the effect of pressure distribution on the 
inception of cavitation is shown to have an important 
influence .. 
The type of flow in the boundary-layer has an important 
effect on the inception of cavitationo Daily and Johnson D7J 
investigated the effects of a turbulent boundary-layer on 
the inception of cavitation for the flow of water (at a 
free stream velocity of 27o5 :fps) through a two-dimensional 
nozzleo The flow in the boundary-layer was rotational and 
the minimum pressure did not occur on the wall (for large 
body curvatures) but slightly away from it in the center of 
the eddies that compose the boundary-layero Thus cavitation 
can actually begin at values of K0 that are slightly greater 
than ICP. I because of the additional pressure reduction 
min 
caused by turbulenceo However, Daily and Johnson pointed 
out that the boundary layer turbulence effect is small and 
can usually be neglected at the high .. ve=.toci ~_ies that are 
normally encountered in hydraulic structures where cavi-
tation is expectedo 
Holl [2] investigated the effect of air content on 
the occurrence of cavitation for water flowing past 
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hydrofoilso These hydrofoils were tested at various angles 
of attach. Figure 8 shows the results of these tests. 
Holl [2] observed that two types of desinent cavitation 
could be determinedo As the pressure was increasedf causing 
the cavitation to disappear, a pressure was reached at which 
the cavitation disappeared uniformly across the span. This 
was referred to as areal cavitation. However, it was 
observed that several cavitation bubbles still clung to 
the surface and continued to do so up to very high ambient 
presm1res. These spots of cavitation were manifest on the 
NACA 16012 hydrofoils at angles of attack above the critical 
angleo 
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The critical angle of attack is that angle at which 
the change of ICP. I with.angle becomes very largeo The 
min 
critical angle of attack for the NACA 16012 hydrofoils is 
about 1o5 degrees [21]. 
Oshima [23] developed a relation from boundary-layer 
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gas-nuclei interaction considerations which allows predicting 
the Reynolds number variation in K. for flow past axially 
10 
symmetric bodieso Calculations of the turbulent boundary-
layer growth on the test bodies were combined with the 
suggestions of Daily and Johnson [17], concerning nuclei 
growth and turbulence effects to predict the scaling of 
cavitation inception as observed on the axisymmetric bodies 
as referred to previously. Oshima's formula appears to 
correspond closely with some selected experimental datao 
However, before definite conclusions can be formed about 
this work, additional experimental investigations (with 
liquids other than water) are necessaryo 
Knapp [24], in '1952, derived a formula which is similar 
to Oshima's formulae However, Oshima w~s able to show that 
Knapp's formula is a special case of his theoryo 
The inception of cavitation on isolated surface irre·gu-
larities imbedded in a turbulent boundary layer was investi-
gated experimentally and theoretically by Holl [25] and [19]o 
Holl was able to show how the effect of a small roughness 
element (of height, h) on a smooth surface may greatly 
increase the incipient cavitation number (see.Figure 9)o 
In terms of the incipient cavitation number, Kr, of the 
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roughness element and the pressure coefficient of the smooth 
body, the incipient cavitation. number of a roughened body is 
(2-8) 
The roughness is most detrimental when placed at the minimum 
pressure-point of the parent body, that is, when CP = CP . o 
min 
Holl [25] determined how Kr varied with the ratio of 
. 0 
the height of a roughness element, h, to the boundary-layer 
thickness, 6 , for different velocity-profile shapes and two 
different shapes of roughness. elements. The velocity-profile 
shape was expressed by the boundary-layer shape parameter 
H = ~* , where 6* is the displacement thickness and a the 
momentum thicknesso Two families of cylindrical roughness 
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elements hayfhg constant ·cross sections were studied" One 
family had a cir.cular-,arc cross section., The other family 
had a triangular cross section. The results of this study. 
are shown in Figure 10. 
o ................ _.__._.....,_...._...._~_._ ........ _.._...__ ..... __ ~-------
. 0.01 0.05 0.1 . .0:5 LO 5 .· 
Figur~ 
RELATIVE HEIGHT OF ROUGHNESS., ~ 
10 .. Cavitation Inception on Rough-
ness Elements in Boundary:.... 
Layer· Flows ·· · 
The seriousness of roughness effects in producing 
cavitation inception scale effects is illustrated by the 
following example [25]., Consider a body with Cp . = -Oo50 
mins 
of such proportions and tested at such a speed(V0 = 50 fps) 
that 6 = 00048 ino As Figure 9 shows, the effects for the 
sharp roughness of Figure 10 (and a fairly-normal turbulent 
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boundary layer of H = 1.,33) are considerableo A 102 percent 
increase in K. occurs for a 0 .. 001 in. high roughness and 
lo 
much larger effects are easily possible. This increase was 
computed by 
K. C 
1 o Pmin 
~_,.,C_,.,~_,.,~-S X 100 ~ 
Pmin 
s 
Separated Flow Past Non-Streamlined Bodies 
If the flow past a body is decelerated too rapidly, 
the boundary-layer separates and the pressure distribution 
along the boundary is no longer a true indication of the 
minimum pressure in the fieldo Unfortunately, there is 
no exact method of obtaining the minimum pressure coefficient 
in the flow field in terms of the measured boundary pressure" 
Nevertheless, some experimental studies of cavitation 
inception have been reported" 
Most of the available test data pertain to sharp-edged 
disks (Figure 11) and zero caliber ogives, ioea, cylinders 
with a flat cutoff end facing the flow (Figure 12)a The 
mosts.triking difference, compared to the behavior of 
· streamlined bodies, lies in the magnitude of the changes in 
the desinent cavitation number, which varies by a. factor of 
two for a change in Reynolds number by a factor of ten., 
This appears to be at least twice the largest change ob~ 
served with most of the streamlined bodies (excepting the 
31 
Joukowski hydrofoil data shown in Figure 5) .. Furthermore, 
the cavitation number of bluff bodies (ioeo, separated flow) 
continues to increase with increasing Reynolds numbera In 
this respect the test points of the zero-caliber ogives 
(Figure 12) seem to continue the sharp disk data (Figure 11) 
without a break or indication of leveling off. 
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Flow Through Venturi-Type Nozzles 
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The venturi-type nozzle has proved to be an effective 
shape for studying cavitationo This is. due to. the fact that 
a wide r~ge. of flow conditions are easily obtained; thus, 
studies can be made for various degrees of cavitation under 
different pressure distributionso 
. In the experiments cited above (Kermeen, McGraw, and 
Parkin [ 12], no · consistent effect of air co:ntent, vari.ed 
between 7 and 13 ppm, could be detectedo This disagrees 
with the observations of Numachi and Kurokawa [29], 
McCormick [26], Crump [30], [31], and.otherse Crump [30] 
found a significant dependence of inception on total air 
content in experiments·with a venturi nozzle having a 
diffuser angle of 5°0 He reports that in fully aerated 
fresh water cavitation first appeared at the boundary in 
the form of a small vapor cavity. Crump found that in 
deaerated fresh water cavitation first appeared in the 
form of individual bubbles which did not necessarily 
form at the boundaryo Under these conditions, bubbles 
formed and disappeared downstream under ambient tensions 
_{p 00 - pv) as high as four atmospheres.. Furthermore, he 
found that higher tensions were required as the velocity 
was increasedo 
33 
Figure 13 shows that in the liquid undersaturated 
with air it was possible to obtain tensions as the relative 
air content a/as was reducedo Results in a nozzle with an 
abrupt expansion show opposite trends in the pressures 
required for inception [31]; although here, too, tens;j_ons 
were obtainedo Comparable results for sea water are shown 
in Figure 14; in this case, bursts of cavitation were 
observed at pressures we11· above.vapor pressureo While 
the .trends in these experiments were fairly definitive, 
the very large scatter of results is indicative of the 
·need for understanding ... the behavior and distributi'on of 
nuclei, ioeo, the mechanisms by which nuclei are stabilized 
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(Ref. 30) 
and the characterization of nuclei content, eogo, a 
"spectrum," or description of number and distribution in 
size [43]o 
Williams and McNutly [32] investigated the effect of 
an additive (sodium nitrate dissolved in distilled water) 
34 
on cavitation inceptiono The incipient cavitation number 
was found to increase (cavitation to become easier) with an 
increase in the percentage (from Oto Oa4% by weight) of 
dissolved sodium nitrateo 
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The flow of liquid nitrogen through a venturi test 
section has been investigated by Ruggeri and Gelder [34]o 
Just prior to incipient cavitation, the minimum local 
wall pressure was significantly less than the vapor pressure 
corresponding to the streE.ID. liquid temperatureo This 
pressure difference was called effective liquid tensiono 
The temperatures and pressures measured within regions of 
well-developed cavitation were in thermodynamic equilibrium 
but were less than the temperature and the saturation vapor 
pressure of the approaching stream .. These differences 
increased with both stream velocity and extent of cavitationo 
Figures 15 and 16 show comparisons of cavitation tests 
of nitrogen, water, Freon-114, and ethylene glycol (References 
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Figure 150 Comparison of Incipient Cavitation Number 
for Nitrogen, Water, Freon-114, and 
Ethylene Glycol Flowing Through Same 
Venturi Model (Ref. 33, 34, 35, and 36) 
[34], [33], [35], and [36]) in the same venturi test sectionQ 
Nitrogen sustained kore effective tension than the other 
liquids .. tes.tedo This indicates a possibility that. temperature 
influences the nuclei within the liquid and test sectiono 
The effective tensions for all liquids(\ studied increase~ 
with increasing flow velocity .. The effective tensions for 
ethylene glycol were practically independent of the tempera~ 
ture level for the range studiede For water in the 40° to 
80°F range, effective liquid tension was practically indepen-· 
dent of temperature but increased appreciably as the tempera-
ture was increased to 120°Fo This increase in liquid tension 
is not shown in Figure 160 
Lehman and Young [3] investigated the pressures and 
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cavitation numbers near the location where incipient and 
·desinent cavitatiqn occurred for water flowing through 
different convergent-divergent test sections. The results 
of this investigation are shown in Figures 17 and 180 The 
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cavitation pressures measured near the plane of incipient 
and d.~sinent cavitation were generally higher for the tests 
made using an abrupt contour test sectiono The curves 
.shown i~ Figure 17 disagree with what might be expecteda 
Hammitt [37] made an investigation similar to the 
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investigation made by Lehman and Young [3]. Hammitt observed 
no difference between the incipient and desinent cavitation 
numbers while studying the flow of water through a smoothly 
changing internal contour nozzle. This corresponds closely 
with the investigation made by Lehman and Young on a 
similar shape nozzlec However, the abrupt contour tested 
by Lehman and Young indicates that the conditions at the 
plane of cavitation are a function of the pressure distri-
bution prior to cavitationo 
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The jets flowing from orifices into filled conduits 
(sudden enlargements) represent cases of extreme sep~r~tion 
where in addition to. expansion and diffusion of the main · .. 
jet there is the generation of secondary flow and countless 
small eddies and vortices~ The pressures within the eddies 
will be appreciably below that of the surrounding fluid, 
40 
particularly when the velocity of orifice efflux is higho 
These low pressures can quite easily reach the vapor pressure 
of the fluid and there exists the possibility of cavitation. 
The effect of cavitation on the discharge coefficient 
of orifices has received some attention [39] and [40]. 
However, only the investigation of the flow of pure fluids 
through orifices will be reported at this time. 
Jacobs and Martin [38J investigated the flow of water, 
liquid hydrogen, and liquid nitrogen through sharp-edged 
orifices .. They were unable to produce cavitation as long 
as pure liquid entered the orifices. With liquid nitrogen 
the pressures at the venae contractae were as much as 
170 inches of liquid below the vapor pressure, while with 
liquid hydrogen the pressures at the venae contractae were 
as much as 192 inches of liquid below the vapor pressurea 
These were the lowest pressure.s attainable with their 
apparatuso 
Jacobs and Martin observed. that the only way cavitation 
could be produced, with -their apparatus, was to have two-
phase flow entering the orifices. Cavitatiori symptoms 
were not evident in many tests even when two-phase,flow 
entered the orifices. 
Flow_through Conduits 
Mikol and Dudley [41] investigated the conditions at 
which cavitation inception occurs for the flow of Freon-12 
through small bore copper and glass tubes. The point of 
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inception of cavitation was observed to move by discrete 
jumps rather than in a continuous manner as operating con-
ditions were changedo This was probably due to the gradual 
and uniform pressure gradient in the tube and/or the location 
of 11weak.spots" in the walls of the tubeo In venturi tests 
the inception site is fixed within rather close limits by 
the nonuniform and sharper pressure gradients imposed by 
the geometryo :No such shift has been reported in- any 
venturi testo 
Mikol and Dudley observed that the tube material had 
the most important influence on the incipient cavitation 
numbera The:incipient cavitation number for the glass tube 
was ne~rly twice that for the copper tube. This result is 
in agreement with the nucleation theory expectation that a 
metal surface should provice many more nucleation sites 
than a glass surfaceo 
Fauske and Min [42] investigated the flow of slightly 
sub-cooled Freon-11 through apertures and short tubeso They 
used a modified cavitation number to establish a criterion 
for determining single-phase or two-phase flow regimes in 
short tubeso The modified cavitation number is: 
K = 2g6P fL1] , 
O p V 2 LD 
0 0 
(2-9) 
where 6P is the pressure difference, p0 - Pe for two~phase 
flow or p0 - pb for single-phase flowo Figure 19 indicates 
that for modified cavitation number below 10 the fluid 
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exhibits completely metastable single-phase flowo When the 
modified cavitation number exceeds 14, two-phase flow existso 
In the range of K0 between 10 and 14, unstable transitional 
flow occurs. 
I. Metastable lransitionTa Single-Phase Flow Unstabl Flow 
0 12 14 16 18 10 12 14 
Two-phase 
Flow 
16 18 
Figure 19 .. Correlation Number Determining the Occurrence 
of Single- and Two-Phase Flow Regimes for 
the Flow of Freon-11 in Short Tubes 
Flow through Bends 
As a fluid flows through a bend, a pressure gradient 
occurs across the bend to balance the centrifugal forces 
acting upon the fluid. The pressure on the outside of the 
bend becomes larger than the initial stream pressure, 
attaining some maximum value part way through the bendo 
The pressure on the inside, nearer the bend origin, becomes 
smaller than the initial value until some minimum value is 
reachedo Thus, as the flow undergoes the transition from 
rectilinear to curvilinear motion, a positive pressure 
gradient in the direction of flow is initially imposed on 
the outer wall of the elbow; and then a negative gradient 
is generated as the static pressure readjusts to a uniform 
value when the flow leaves the bend .. Conversely, on the 
inner wall a negative axial pressure gradient is initially 
present as the pressure decreases to some minimum value at 
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approximately midway through the bend and then a positive 
gradient is formed as the pressure increases back to a uniform 
value across the pipe downstream of the turn ~ee Figure 20)o 
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Fig:ur.e .20 ... Schematic of the Pressure Distribution on 
the Inner and Outer Walls in the Plane of 
Curvature of an Elbow 
If the fluid is a liquid of sufficiently high vapor 
pressure, the static pressure near the inner wall of the 
duct may decrease to a value equal to or below the vapor 
pressure and thus cause cavitation within the elbow, which 
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is an entirely' different phenomenon from separation, although 
both may occur simultaneously. 
Stonemetz [48] experimentally investigated incipient 
cavitation for water flowing through circular pipe bends of 
60° ,· 90°, and 120° in one plane. Pipe diameters ( d) of 1 Q 5, 
2o0, and 4o0 inches and bend radius ratios (R/d) of Oa7, 
1o0, and 1e5 were investigated. 
For all configurations investigated, the incipient 
cavitation number decreased with increasing values of 
Reynolds number. The incipient cavitation number was 
greater for smaller ratios of bend radius to pipe diametero 
The variations in bend angles investigated, 60° ~ 120°, 
had insignificant effect. 
Stonemetz obtained an empirical relationship for the 
determination of the incipient cavitation numbero This 
relationship takes into account the effects of bend radius 
and pipe diameter. The empirical equation is 
p. - p 
J.O V 
= 1 V 2 
°2" Po i 
0 
-tl 
- o.67 (R/d) .. (2-10) 
The results of this investigation are shown in Figure 210 
The preceding discussions in this chapter are primarily 
an attempt to point out some of the knowns and unknowns 
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about cavitationo For a constant cavitation number, both 
45 
the time of exposure to the region of pressure below the 
vapor pressure (underpressure) and the amount of this under= 
pressure are functions of velocityo It may not be unreason-
able to assume that the gross cavitation pattern is largely 
controlled by the nucleation processo It is conceivable 
that the nucleation process may depend upon time of exposure 
to underpressure and absolute value of this underpressure 
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in such a way that the effects are not cancelled for constant 
cavitation nu.mbero With systematic experimental studies of 
different liquids flowing through various pressure distri-
butions, it may be possible to obtain a reasonably correct 
K. value or trend for an arbitrary body and liquid by means 
lo 
of some relations between underpressure and relaxation time 
(time fluid remains at pressures below the vapor pressure 
before cavitation occursYo Also, a method is needed to 
accurately predict the conditions at the position where 
cavitation starts for limited and profuse cavitationo 
CHAPTER III 
THEORETICAL INVESTIGATION OF INCIPIENT CAVITATION 
It is the purpose of this chapter to ~nvestigate the 
conditions for incipient cavitation by analytical means so 
that more precise ideas can be obtained about the influence 
of various properties upon the conditions at the inception 
of cavitation$ This is accomplished by investigating the 
equition which describes the growth of small bubbleso These 
small bubbles are assumed to serve as nucleation sites for 
cavitationo 
The spherical bubbles which serve as nucleation sites 
for cavitation may have an initial stable radius of approx-
imately 10 microns. This radius will depend upon the par-
ticular liquid and the pressures within the liquid and the 
bubbleo When the pressure within the liquid is decreased, 
these small bubbles will growo The rate of growth depends 
upon the rate at which the liquid pressure is decreased and 
upon the magnitude of this pressureo The mass of inert gas 
within the bubble will also have an influence upon its 
behavior and stable radiuso 
The stable radius is necessary as an initial condition 
for obtaining solutions to the equation of motion for a 
bubbleo Some knowledge of the stable radius can be 
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gained by investigating the conditions for static equilibrium 
of a spherical bubbleo 
Static Analysis of a Spherical Bubble 
Examining the conditions for static stability of a 
spherical gas-vapor bubble that is surrounded by a liquid 
is very helpful in understanding the inception of cavitation. 
Although cavitation is a dynamic phenomenon, the basic 
principles of inception will be revealed by such a static 
analysiso 
The first part of this section will be devoted to the 
development of the general equation for the static equi-
librium of a spherical bubblee The last part will be 
devoted to showing the effects of various parameters upon 
the stable bubble radiuso 
Development of Static Equilibrium Equation for a Spherical 
Bubble 
The forces acting on the .inside of a bubble are those 
due to the partial pressure, Pg, of an inert·gas and the 
partial pressure, Pv, of the liquid vapor (see Figure 22)o 
At the interface (boundary between the liquid and the gas-
vapor mixture) is a force which is called the surface 
tension forceo The force acting on the outside of a bubble 
is due to the pressure, p00 , within the liquido Applying 
Newton's second law to the composite forces as shown on 
the free body diagram in Figure 22, yields the following 
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equation: 
2a p = Pa:i + lf , (3-1) 
where Pis the total pressure within the bubble. 
If the bubble contains a fixed mass, mg, of ideal gas, 
then the pressure Pg can be represented by 
= 3mg1lgT 
4nR3 • 
(3-2) 
The quasistatic expansion of.the inert gas during growth can 
be represented by 
Pg (V)n = Constant, . 
or 
pg(R) 3n = Constant, (3-3) 
where n is the polytropic constant. Equation (3-3) can be 
written in terms of the initial conditions within the 
bubbleo This equation is 
(3-4) 
The initial gas pressure, Pg, can be represented by equation 
0 
(3-2)o Thus, equation (3-2) becomes 
_ G 2a 
- o (R )3 
0 
(3-5) 
where 
Go·= 3m~~To • (3-6) 
Equation (3-1) can be expressed in a general forrri with the 
use of equations (3-4) and (3-5). Thus, the general 
equation which describes the quasistatic behavior of a 
spherical bubble is 
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(R )3(n-1) 
0 1 
(R)3n - R • (3-7) 
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Figure 220 Free Body Diagram of a Spherical Bubble 
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Results of the Static Analysis of a Spherical Bubble 
The results of this investigation are shown in Figures 
. 2 
23, 24, and 25 for two values of the parameter G0 /R0 • 
Two values of the polytropic constant were sele·cted to 
illustrate the effect of the assumed process within the 
bubble. A polytropic constant of 1 corresponds to iso-
thermal bubble behavior while the polytropic constant of 
4/3 approximately represents adiabatic behavior within the 
bubble. Two values of the parameter G0 /R0 2 were assumed 
in order to show a comparison between the polytropic 
processes. The liquid pressure, at which the bubble 
becomes unstable, decreases as the polytropic constant is 
increased. Daily and Johnson [17] obtained a family of 
similar curves for the isothermal behavior of a bubble in 
water at 68°F. The curves shown in Figures 23, 24, and 25 
are not restricted to any partic:ular fluid. Also, the 
process which occurs within a bubble is not restricted 
to isothermal changes. 
Lienhard [44] reported that the thermodynamic criterion 
for mechanical stability specifies that a system is stable 
if for all possible variations of its state 
lt]T < 0 • (3-8) 
Thus, the descending lines . of constant G0 /R0 2 in Figures 23 
and 24 represent stable states and the ascending lines 
represent unstable conditions. The maximum stable radius, 
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~s' for a given G0 is obtained by maximizing R in equation 
(3-7)a The resulting general expression is 
(3-9) 
The radius,~' of a pure vapor bubble at the same pressure 
is obtained by setting G0 = 0 in equation (3-7): 
2a ~ = Pv - Pm o (3-10) 
Equations (3-9) and (3-10) are also plotted in Figures 23, 
24, and 25 .. 
An expression for ~s as a function of~ for the same 
·(pm- Pv)/2o can be obtained through the use of equations 
(3-9) and (3-10) .. This ~xpression is 
(3-11) 
Equation (3-11) is shown in Figure 26 (a) for various values 
of the parameter n .. As G0/R0 2 is diminished at constant n, 
all possible unstable equilibrium radii will occur between 
~sand~ (see Figure 26 (b)) .. The value of ~s decreases 
as the vaiue of (pm - pv)/2o .is decreased .. 
Quasistatic Growth of a Small Bubble 
Equation (3-7) m~y be used to describe the quasistatic 
growth of a small bubble provided conditions are such that 
the maximum stable radius is not exceededo This is illus-
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trated by the following example. 
The pressure distribution experienced by a liquid 
flowing through a venturi type test section may be approx-
imated by 
P00 (t) =PA+ p 0 Cos (wt) • 
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Equation (3-7) was used to obtain an estimate of how the 
bubble radius varies as a function of time for the pressure 
distribution shown above. When the maximum radius is greater 
than Rms the solution does not exist. Figure 27 illustrates 
the growth and collapse for various values of the polytropic 
constant. 
Discussion of Polytropic Constant 
Several investigators ([8], [17], etc.) of incipient 
cavitation have assumed that the process which takes place 
within a small bubble during growth is isothermal. In the 
preceding part of this chapter, the previous investigations 
of static bubble behavior were extended to cover various 
polytropic processes within a bubble. However, the actual 
process which takes place in small bubbles during growth 
is neither isothermal nor adiabatic. The actual process is 
at some intermediate position between these two limiting 
processes. Various arguments can be used to show that the 
temperature within a growing bubble does not remain constant. 
This is probably expressed most clearly by the experimental· 
investigation of Hord, Jacobs, Robinson, and Sparks [45]. 
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The temperature in a bubble was expressed as a function 
of the initial conditions, polytropic constant, and bubble 
radius. The desired equation is 
~ R] 3 ( 1-n) T = T0 if"" • 
0 
(3-12) 
This equation was obtained by assuming that the inert gas 
pressure can be represented by a polytropic process and that 
the inert gas obeys the ideal gas equation of state. 
Equation (3-12) may not describe the actual process occurring 
in the bubble; however, it does furnish an equation which 
accounts for the temperature change, and this equation is 
simple enough to handle mathematically. 
The correct selection of a value for the polytropic 
constant is important. This is illustrated by the following 
examples. If the bubble contains air and the process in the 
bubble is reversible and adiabatic, then n = k. For air, 
k has a value of 1.40. If the radius at incipient cavitat i on 
is 10 times the initial bubble radius and the initial 
temperature is 540°F, then a final temperature of 34.2°R 
is obtained by applying. equation (3-1 6). This assumption 
of n = k is unrealistic because the final temperature is 
too low. A value of 1.01 for the polytropic constant results 
in a final temperature of 503°R. The correct value for the 
polytropic constant is difficult to estimate. However, the 
author feels that the following range of values for the 
polytropic constant should be considered when investigating 
the growth of small bubbles: 
1.00 5 n ~ 1.02. 
The above discussion explains the reason why many 
investigators have selected n to be 1.00. This assumption 
of 1.00 for n appears to be good when compared to the 
range of values given above. In the latter part of this 
chapter, the effect of small changes inn upon the maximum 
bubble radius will be demonstrated • 
.Analysis of Spherical Bubble Growth 
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The conditions for the static stability of a spherical 
gas-vapor bubble were examined in a preceding section. This 
is important in investigating the growth of small spherical 
bubbles because the stable bubble radius is necessary, as 
an initial condition, before a solution to the equation of 
motion of a spherical bubble can be obtained. This section 
is devoted to an investigation of the effects of viscosity , 
surface tension, stream pressure, stream velocity, poly-
tropic changes within the bubble, and initial bubble radius 
upon bubble growth and hence, upon incipient cavitation. 
Assumptions and Discussion of Model 
The mathematical model is formulated so that it will 
simulate the actual conditions that occur when a liquid 
flows through a venturi type test section. Several 
assumptions are necessary in order to be able to mathe-
61 
matically determine when incipient cavitation will occur. 
The interaction between the flow around an expanding 
bubble and the flow of the liquid through a convergent-
divergent test section is not considered. Thus, the motion 
of the expanding bubble will be treated as though the liquid 
is infinite in all directions. The effect of the flow 
through the test section is related to the bubble growth 
through the p~(t) term in the equation of motion for a 
spherical bubble. 
The bubble is assumed to move with the liquid. For the 
very small bubbles considered here, buoyant forces are small 
and the viscous drag will be high so that any relative 
motion between the bubble and the liquid will be very small. 
In this investigation it is assumed that cavitation is 
initiated from small nuclei (small spherical bubbles) which 
contain air or vapor, or both. These small bubbles are 
assumed to remain spherical during the growth period. In 
the noncavitating flow regime it is assumed that the nucle i 
do not have an opportunity to grow into bubbles of macro-
scopic or visible size. The difference, then, between the 
noncavitating and the cavitating flow regimes is that in 
the latter the nuclei are exposed to a pressure environment 
favorable to bubble growth for a period sufficient to allow 
the appearance of macroscopio bubbles (see Figure 28). 
Consequently, two distinct problems must be considered in 
dealing with the matter of incipient cavitation. The first 
problem is the effect of free stream velocity, free stream 
static pressure, and test section size and shape in estab-
lishing a pressure environment favorable to bubble growth,. 
The second problem is the response of the nuclei to the 
transient lo.w pressure created by the flow of the liquid 
through the test section. If the pressure distribution 
through the test section is given, the first problem is 
trivialo In addition to difficulties of a purely mathe-
matical nature, the second problem poses some questions 
about the physical properties of the nuclei for which no 
definite information is available. 
PRESSURE PRESSURE 
-UNFAVORABLEIFAVORABLE 
ENVIRONMENT ENVIRONMENT 
FLOW DIRECTION. . .. 
. . . 
INCIPIENT CAVITATION 
Figure 28. Physical Description of Model 
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Although it seems quite probable that the nuclei in a 
liquid have a range of sizes, it will be assumed here that 
all nuclei are of equal radius R0 • Incipient cavitation 
will be said to exist if a nucleus grows from its initial 
radius R0 to a radius of 254 microns (10-2 inches) during 
the time it is exposed to the pressure which favors growth . 
This definition is arbitrary, but it does have the virtue 
of being simple enough to work with. This definition, 
although certainly not an absolute measure of a physical 
event, provides a framework within which the properties 
that influence the inception of cavitation may be investi-
gated. If this definition is used, the problem of finding 
the conditions for incipient cavitation is: Given a fixed 
time for growth, determined by the free stream velocity 
and test section size and shape, what must the free stream 
static pressure be, p f (and hence K. ), such that the 
. re it 
required bubble growth will just take place? 
Equation of Motion for a Spherical Bubble 
The equation which describes the growth of a small 
spherical bubble containing a fixed mass of inert gas 
is (see Appendix A for derivation) 
• 
• • 3 • 2 2cr 4µLR 
PL [R R + 2 (R) ] + R + -R- = Pg + Pv - Pa, • (3- 13 ) 
The density and viscosity of the liquid are assumed to 
remain constant during bubble growth. The vapor pressure 
and surface tension can be represented as functions of the 
temperature wi~hin the bubble. During growth the temper-
ature can be represented as a function of the bubble radius 
(equation (3-12)). The inert gas pressure may be expressed 
as a function of the bubble radius and the polytropic 
constant n. Thus, the inert gas pressure is given by 
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(3-14) 
By substituting equation (3-14) into equation (3-15), we 
obtain 
[ •• 3 ° 2] 2cr 4µL:{{ PL RR + 2 (R) + R + -R- = 
(3-15) 
The pressure, p~, within the liquid can be represented as 
a function of time. 
The necessary boundary conditions are 
R(O) = R0 , and R(O) = R(O) = o. (3-1 6) 
Equation (3-15) is a nonlinear ordinary differential equation. 
There are no known exact solutions to this equation; there-
fore, it will be necessary to resort to numerical techniques 
in order to obtain an approximate solution. 
Numerical Technique 
Several numerical methods were investigated in an 
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attempt to obtain a solution to equation (3-15). Only a 
brief discussion of the unsuccessful attempts will be 
presented. The major part of this section will be devoted 
to the numerical technique used to obtain solutions to 
equation (3-15). 
The functional representation of equation (3-15 is 
R = f(R, R, t). (3-1 7 ) 
Several of the numerical methods (Milne [46], Adams-
Stormer [47], etc.) investigated were not self-starting. 
That is, in these methods each step of the integration 
requires the knowledge of past values of the solution 
which are not available at the start of the integration. 
There exist analytic methods for computing the starting 
values. The most common of the analytic methods is to 
expand Rina Taylor series .about t 0 , 
2 ~ 
• t R0 
R(t) = R0 + t R0 + 2 ! . + ••• (3-1 8 ) 
This series provides an equation for computing the necessar y 
starting points if the Taylor series converges. The Taylor 
series which describes R for equation (3-15) did not appear 
to converge. 
One of the most common ways of starting the solution 
is to use the self-starting Runge-Kutta method. This method 
requi.res only the initial conditions to start the solution . 
In contrast to the formal Taylor series solution, equation 
(3-18), the Runge-Kutta method does not require explicit 
definitions or evaluations of derivatives beyond the 
second. Approximations are obtained at the expense of 
several evaluations of the second derivatives. 
The Runge-Kutta fourth-order integration procedure 
is shown in Table II. This is the numerical technique 
followed in obtaining solutions to equation (3-15). 
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The accuracy of a step-by-step solution of a differ-
ential equation is often difficult to determine. The Runge-
Kutta method has no check; therefore, the error cannot be 
determined. However, it is near the order of (6t) 5 • 
Improvement on the accuracy can be achieved by taking small er 
intervals. However, a decrease of interval size adds to 
the labor and increases the possible round-off error. 
Solutions to equation (3-15) were obtained with the 
aid of the IBM 7040 digital computer (See Appendices Band C 
for listings of programs). All computations were performed 
using double precision. Double precision provides extra 
storage (16 digits) for the data and calculations. Th is 
was necessary in order to help eliminate the round-off error o 
Solutions to Equation of Motion for Isothermal Bubble Growth 
Equation (3-15) was solved using the Runge-Kutta fourt h-
order procedure outlined in Table II. A value of 1.00 was 
selected for the polytropic constant, n. Thus, the tempera-
ture within the bubble remains constant during the growth 
period. 
Before a solution to equation (3-15) can be obtained the 
Initial Conditions: R0 , R0 , t 0 
t R 
t 11 = to R11 = Ro 
LI t 
t12 = t1 1 +2 
• ti t 
R12 = R11 +R11 2 
Lit 
t13 = t11 +2 
• Li t 
R13 = R11 + R12 2 
t14 = t11 + Lit R14 = R, 1 + R13 ilt 
t21=t11+llt R21 = R11 + llR1 
Lit 
t22 = t21 +2 
• Lit 
R22 = R21 + R21 2 
Lit 
t23 = t21 +2 
• tit 
il23 = R21 + R2 2 2 
t24 = t21 + Lit R24 = R21 +R23 Lit 
t31 = t21+llt R31 = R21 + LIR2 
TABLE II 
RUNGE-KUTTA METHOD 
•• • R = f(R, R, t) 
ft 
. . 
R11 = Ro 
• • • • LI t 
R12 = R11 + R11 2 
• • •• Lit 
R13 = R11 + R12 2 
R14 = ii11 +ii13 Lit 
Lit • • ' .• 1 
llrt1 = b [R11 + 2R12 + 2R13 + R1.J J 
R21 = R11 + 11,-q 1 
• •• Lit 
R2 2 = R21 + R21 2 
· · ·· ot R2 3 = R21 + R2 2 2 
R~4 = R2·1 + ii23 ll t 
Lit • • • • J 
A."12 = ti[R21 + 2R22 + 2R23 + R24 
R31 = n21 + LIR2 
R 
R11 = f(Ro, Ro, to) 
R12 = f(R12' R12• t12) 
R13 = f(R13• R13• t13) 
R14 = f(R14 ' R14 ' t14l 
• Lit •• ~·· •• • • 
6R1 = b[R11 + .e:R12 + 2R13 + R14] 
i21 = f(R21• R21• t21l 
R22 = f(R22' R22 • t22l 
R23 = f(R23• R23 • t23) 
R24 = f(R24• R24• t24) 
• Lit •• - •• •• 
6R2 = b[R21 + 2R22 + 2R23 + R24J 
R31 = f(R31• R31• t31l 
0\ 
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pressure-time history within the liquid must be specifiedo 
In this investigation, two different functions were used to 
represent the liquid pressure, Pm (t). The first function 
selected to represent the liquid pressure is 
Pm (t) = PA - p0 Sin (wt). (3-19) 
This function was selected to represent the pressure 
within the liquid so that a comparison between this 
investigation and the investigation reported by Noltingk 
and Neppiras [8] could be made. Noltingk and Neppiras 
obtained solutions to equation (3-15) by using a differential 
analyzer. They neglected the effect of viscosity and vapor 
pressure. They obtained solutions for a range of values of 
-
the parameters p0 , pA' wand R0 for a water medium with a 
density of 1 gram-mass/cm3 and a surface tension of 
80 dynes/cm. The parameter w was selected so that equation 
(3-19) described the pressure experienced by a liquid in 
ultrasonically (w::::: 105rad/sec ) induced cavi tationo 
If equation (3-19) is substituted- into equation (3-15) 
and if the viscosity and vapor pressure terms are neglected, 
the bubble growth equation becomes 
~R;J3-pA + p 0 Sin(wt). 
(3-20) 
Equation (3-20) was solved for various values of the para-
meters PA, p0 , R0 , and w. Figure 29 shows one of these 
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solutionso A maximum bubble radius of 15005 microns occurred 
at 1o42 microseconds. This agrees with the maximum radius 
of 15 microns at 1.40 microseconds obtained by Noltingk and 
Neppiras. 
In order to illustrate the effect of viscosity upon 
the growth of small bubbles, the viscosity term, 4µ1R/R, was 
added to the left side of equation (3-20). The effect of 
considering the viscosity term can be seen in Figure 290 
A maximum radius of 14.7 microns occurred at 1.41 micro-
secondso Thus, the viscosity term caused a 2e3 per cent 
decrease in the maximum bubble radius. Several other 
solutions, for lower values of w, did not show this much 
changeo Thus, as the velocity of the bubble wall increases 
the viscous term becomes more important; however, the effect 
on the maximum bubble radius is small. 
The second function selected to represent the pressure 
within the liquid is 
(3-21) 
This function was selected to approximate the pressure ex-
perienced by a liquid while flowing through a venturi type 
test sectiono Thus, when equation (3-21) is substituted 
into equation (3-15) the equation of motion for isothermal 
bubble growth becomes • 
[ oo 3 e 2] 2a 4µLR [ PL RR + 2 (R) + R + --if"' = PA + [RRoJ3 P0 - Pv + ~:] [ 
(3-22) 
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Several solutions to equation (3-22) are shown in Figures 
30, 31, 32, 33, 34, and 350 These figures illustrate the 
effect of the parameter w. 
Figures 33, 34, and 35 show variations of the bubble 
radius with time for various values of the parameter R0 o 
The maximum bubble radius increases as R0 is increasede 
Figure 34 illustrates the effect of viscosity, vapor 
pressure, and surface tension upon the growth of a small 
bubbleo Three different values of the initial bubble radius 
were selectedo Viscosity was found to have little effect 
upon the maximum bubble radius. This is due to a much 
smaller growth rate than, is illustrated in Figure 290 When 
the surface tension term was neglected the maximum bubble 
radius increased by a factor of 1o25 times the value of 
RM obtained by considering surface tensiono Thus, the 
surface tension term should not be neglected when studying 
the growth of bubbles of this sizeo 
-2 A vapor pressure of 008268 x 10 atmospheres was used 
to show the effect of vapor pressure upon maximum bubble 
radiuso This effect can be seen in Figure 34., The result 
of considering the vapor pressure term is, in effect, a 
change in the forcing function term, p 00 (t)a Nevertheless, 
Figure 34 does point out that a small decrease in the 
stream pressure once it is near the vapor pressure will 
cause a considerable change in the maximum bubble radiusa 
The effect of liquid properties upon bubble growth 
can be seen by examining Figures 34 and 350 The liquid 
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properties used in obtaining Figure 35 are those of liquid 
nitrogen at 80°K. The magnitude of the surface tension was 
· taken to be 8027 dynes/cma This is approximately an order 
_of magnitude lower than was used in obtaining Figure 34 o 
These figures help to illustrate the importance of the 
magnitude of surface tension when investigating the growth 
of small bubbleso As the magnitude of the surface tension 
decreases (for different liquids), it becomes easier for 
small nuclei to, growo 
Summary of Solutions to Equation of Motion for Isothermal 
Bubble Growth 
The theoretical investigation of the growth of small 
bubbles, using ~quation (3-22), is summarized and presented 
in Figures 36, 37, 38, 39, and 400 Two different values of 
the parameter w were selecteda The parameter w simulates 
the effect of liquid velocity upon bubble growtho 
The variation of maximum.bubble radius with initial 
bubble radius for various amplitudes of the forcing function 
is shovm in Figures 36 and 37. The maximum bubble radius 
increases as the initial bubble radius increases for a 
given amplitude of the forcing functiono This increase 
is greater as w is decreased. 
Figure 38 shows the variation of time (at which the 
maximum bubble radius occurs) with initial bubble radius 
for various amplitudes of the forcing functiono The time 
at which~ occurs will increase as the initial bubble 
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radius increases. This is due to an increase in the inertia 
of the liquid. 
The variation of maximum bubble radius with the maximum 
value of the forcing function is shown in Figure 39. For 
small initial bubble radii the functional relation between 
Rm and Pm(O) - Pv appears to be linear. 
An investigation was made to determine whether the 
maximum bubble radius experiences a large change whenever 
the minimum pressure within the liquid is equal to the 
vapor pressure. The maximum pressure within the liquid was 
held constant. This, in effect, holds the inert gas·content 
of the bubble constant. A change in the minimum liquid 
pressure was produced by changing the magnitudes of PA and p 0 
in equation (3-21). The results of this investigation are 
shown in Figure 40 for two values of the parameter R0 • 
The maximum bubble radius increases at a much faster rate 
as the minimum pressure is reduced to values below the 
vapor pressure. 
Effect of Neglecting Inertia and Viscous Terms in Equation 
of Motion for Isothermal Bubble Growth 
The following equation is obtained when the inertia 
an<;l viscous terms in equation (3-22) are neglected: 
Po, - Pv 
2a 
1 
R • ( 3;...23) 
Thus, equation (3-23) is the static equation for isothermal 
bubble behavior. The gas content parameter, G0 , can be 
determined by using the initial values of Rand p00 • The 
parameter G0 was assumed to remain constant during bubble 
growth. 
The maximum bubble radius occurs when p00 - Pv reaches 
85 
a minimum value. This minimum value has a lower limit. In 
this analysis this minimum value was taken __ .~qual to zero in 
order to show a comparison with the results shown in Figures 
36 and 37. Therefore, the maximum radius is 
(3-24) 
Figure 41 shows the variation of RM with R0 for various 
values of p00 (0) - Pv• The inertia terms do affect the 
maximum radius. This effect can be seen by comparing 
Figure 41 with Figures 36 and 37. 
As the magnitude of p~ - Pv'is decreased to values 
below zero, the maximum stable radius is reached. Equation 
(3-23) cannot be used to obtain an. estimate of the maximum 
bubble radius when this radius is greater than Rms· 
Solutions to Eguation of Motion for Nonisothe~mal Bubble 
Growth 
Several solutions to equation (3-15) have been reported 
in preceding sections of this chapter for a polytropic 
constant of 1.00. The temperature within a bubble will 
usually decrease when growth is produced by reducing the 
pressure within the liquid. This decrease in temperature 
450 
Cl) 
~ 40()1----'-+--
o: 
u 
~ 
L..I 
0 
II 3501------+--
(£ 
I 
J 
z 
w 3001------'--1-----I--~ 
I 
~ 
en 
:::> 
o 2501------1-----1--
<{ 
a:: 
w 
..J 
~ 200,1--------1----~ 
:::> 
ID 
1501-----~-
1001-----1--
501 -----
pJo)-pv G I 
20- =~ - R 
pm(o) = PA + Po 
20. 30 40 50 60 
INITIAL BUBBLE RADIUS, R0 , [MICRONS] 
70 
Figure 41. Variations of~ with R0 for Quasistatic Growth 
86 
80 
87 
can be taken into account by selecting the correct value for 
the polytropic constant. The ex~ct magnitude of the poly-
tropic constant is difficult to determine. This section 
,. 
will be devoted to showing how small changes inn affect 
the maximum bubble radius. 
The first case investigated was for a polytropic 
constant of 1.02. The vapor pressure and surface tension 
were assumed to remain constant during bubble growth. Thus, 
the temperature changes within the bubble affected only 
the inert gas pressure, thereby causing a reduction in the 
maximum bubble radius. The results of this investigation 
are shown in Figure 42. 
Since the temperature within.a bubble decreases as the 
radius increases, it appears that changes in the vapor 
pressure and surface tension should be considered. Figures 
43 and 44 show ·the effects of considering changes in vapor 
pressure and surface tension upon the maximum bubble radius. 
The particular example is for water at 104°F. The method 
of least squares was used to obtain an equation for the 
vapor pressure as a function of temperature. A linear 
relation was used to describe the variation of surface 
tension with temperature. Changes in surface tension had 
little effect upon the maximum bubble radius. This was as 
expected, since the magnitude of the surf~ce tension does 
not change noticeably with temperature. Also, the surface 
tension force remains almost constant during the early 
stages of growth. Changes in the vapor pressure have a 
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pronounced effect upon the maximum bubble radius. This 
effect is due to the decrease in the vapor pressure, which 
in effect reduces the effective forcing function term. 
The investigation reported in this chapter points out 
the influence that various properties have upon nuclei 
growth. The following variables must be known in order to 
describe the phenomenon which occurs during cavitation: 
1. Exact pressure distribution' 
2. Initial nuclei size and content 
3. Process which occurs within nuclei during growth 
4. Fluid properties 
The first three items are very difficult to predict. This 
chapter has been devoted to enumerating some of the effects 
of each of these items. All of the.se variables play an 
important role in the growth of small nuclei. At the 
present state of the art, one might think that it is 
impossible to describe the phenomenon which occurs during 
cavitation by mathematical means; however, a particular 
problem can be satisifed by changing the conditions listed 
in 2 or 3. A complete analysis would require an extensive 
experimental program. The author feels that this is beyond 
the scope of this work. 
CH.APTER IV 
HYDRODYNAMIC TUNNEL 
A small hydrodynamic tunnel was designed and constructed 
in order to investigate experimentally the limited cavitation 
characteristics of various fluids. A discussion of the 
tunnel, test sections, and instrumentation is given below. 
Description of Tunnel 
The facility used in this investigation was a small 
closed-return liquid tunnel. A schematic drawing and photo-
graph are shown in Figures 45 and 46, respectively. The 
tunnel was designed so that flow through the test section 
would be vertically downward. All tunnel components, except 
the heat exchanger and pump, were made of stainless steel. 
Two interchangeable tubes (one of stainless steel and the 
other of copper) were made for the heat exchanger. Flat 
ring gaskets of 1/16-inch thick Buna N compound were used 
as seals between all flanges. Straightening vanes of 3/8-
inch diameter stainless steel tubing were installed upstream 
of the metering venturi to favor the attainment of uniform, 
steady, irrotational flow at the metering venturi. The 
liquid capacity including the pump and settling chamber but 
excluding the expansion and pressurizing chambers was about 
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Figure 46. Photograph of Te s t Facility 
10 U .. S. gallons. 
The pump-drive system consisted of a 5-horsepower, 
220-volt, three-phase motor coupled directly to a centri-
fugal pump. The pump was made of aluminum and contained a 
6-inch diameter three-vaned brass impeller. The motor was 
operated at a constant speed of 3500 rpm. 
The tunnel components were thoroughly cleaned before 
final assembly. All components were cleaned by a liquid 
honing process, which removed foreign particles from the 
inner surfaces of the tunnel. Following "preliminary 
cleaning," a final scale removing and whitening operation 
was performed·by placing the stainless steel components in 
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a solution containing 12 per cent by volume of 40° Be' nitric 
acid and 1 1/2 per cent by volume of 52 per cent hydrofluoric 
acid for about 30 minutes. The acid solution was kept at 
room temperature. The operation was followed by thoroughly 
rinsing each component in hot water. 
The aluminum part of the pump was heavily anodized to 
help prevent particles from entering the system. Following 
anodizing, the pump was thoroughly rinsed in hot water .. 
The tunnel facility was designed to operate over a 
pressure range from Oto 200 pounds per square inch absolute. 
High pressure nitrogen gas was used as the pressurizing 
medium. The high pressure nitrogen gas was placed above the 
liquid in the pressurizing chamber. The pressurizing chamber 
was located approximately 10 feet from the expansion chambero 
A 1/4-inch copper line was used to connect the pres.surizing 
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chamber to the expansion chamber. This eliminated the 
possib;ility of any nitrogen entering the expansion chamber. 
Tunnel pressures less than atmospheric were obtained by 
means of a vacuum system which could be connected to either 
the expansion or pressurizing .chambers. 
Flanges were installed on all tunnel components. This 
was done to increase the flexib;ility of the tunnel. Various 
test sections may be installed without any major change in 
the tunnel. 
Description of Test Sections 
Three different hydrodynamic-tunnel test sections were 
used in the experimental investigation. The test sections 
were designed to provide a wall-pressure profile with a deep 
but relatively narrow valley. This was accomplished by 
controlling.the test section shape between the converging-
diverging sections. The cross-sectional area at the throat 
of each test section was about 0.197 square inches. The 
throat is followed by a diffuser.of 7° total.angleo Test 
sections 1 and 2 were designed to provide axisymmetric flow 
while test section 3 was designed to provide two-dimensional 
flow at the throat. 
The test sections were fabricated from transparent 
acrylic plastic. Test sections 1 and 2 were machined from 
solid round stock. The converging-diverging walls of test 
section 3 were machined and polished together. This was 
necessary to insure a symmetrical test section. The top 
and bottom pieces of 3 were flat stock. The 4 pieces were 
fastened together with plastic solvent. 
Instrumentation of the test sections consisted of 
static pressure taps, located as shown in Figures 47, 48, 
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and 49. The taps were carefully and accurately machined 
per,pendicular·to the local contour of the previously polished 
inner wall. Tap openings were then carefully hand polished 
to remove all evidence of imperfections. Tap openings on 
the inner wall were 0.040-inch in diameter. The taps on 
test sections 1 and 3 were installed along two lines parallel 
to the axis. These lines were located 180° aparta The taps 
on test section 2 were installed at various circumferential 
positions to minimize possible downstream interference 
effects of aligned taps. 
Instrumentation 
In order to assemble the instrumentation needed for the 
experimental investigation an instrument panel was con-
structed (see Figure 50). This panel contained the mano..,. 
meters, the pressure gages, and a thermocouple selector 
switch. The panel was designed so that pressures and 
temperatures could be read with minimum effort. 
Pressure 
The pressures within the test sections were measured 
by mercury manometers .. Four 60-inch one tube "Meriam" 
manometers were connected in series to measure pressures 
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up to 100 pounds per square inch absolute (see Figure 51)o 
The manometers were connected so that the number in series 
could be increased as needed. The pressures at tap locations 
1, 2, 3, 4, 5, 6, 15, and 16 were calculated by 
Ptap opening 
Pressures less than atmospheric were measured by the short 
U-tube manometer shown in Figure 51. The pressures in the 
minimum area section of each test section were measured with 
40-inch U~tube mercury manometers. All pressures were 
measured relative to atmospheric pressure. Pressure lines 
were of transparent nylon tubing and contained a bleed valve 
at the manometer end. Monometers were read to within about 
± 0.025 inch. 
Temperature 
Temperatures were recorded at three locations in the 
tunnel with copper-constantan thermocouples~ The design of 
a typical thermocouple is shown in Figure 52Q Thermocouples 
were located at the entrance and exit of the test section. 
and at the pump discharge. An ice bath was used as the 
thermocouple cold junction. The emf generated by a thermo-
couple was read to within+ 0.001 millivolt with a digital 
voltmetero 
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Flow Rate 
The flow rate was determined by measuring the pressure 
drop across a calibrated stainless steel venturi (see 
Appendix D for calibration). AU-tube mercury manometer 
was used to measure the pressure drop between the inlet 
and throat. The diameter of the throat was 0.876-inch • 
. The throat was followed by a ·conical diffuser of 6 1/2° 
total angle. 
Photographic Equipment 
Cavitation was photographed with a high speed (6000 
frames per second, maximum) Fastax camera. 
CHAPTER V 
EXPERIMENTAL PROCEDURE 
A definite procedure was followed in preparing the test 
liquid and filling the tunnel. This same procedure was 
followed each time the tunnel was filledo Tunnel water was 
renewed at least once every two days during the testing 
period. This was done in order to be assured of clean test 
water during the investigations of limited cavitationo 
Preparing Test Liquid 
The liquid used in the tunnel studies was commercially 
available distilled drinking watero This water normally 
contained about 7 milligrams of oxygen per liter of water 
(about 85 per cent air-saturated at room temperature) and 
was degassed prior to tunnel use. Air removal was 
accomplished by maintaining the water temperature at 205°F 
for approximately 4 hours. The distilled water was heated 
by placing the 5-gallon· glass containers in a tank of tap 
watero The tank.was equipped with an electric heater. 
Near the end of the 4-hour heating period the temperature 
of the distilled water was increasedo This increase in 
temperature caused the distilled water to flow over the 
top of the glass containers and into thetank. The containers 
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were then sealed, and the water was cooled to room temper-
ature for storage from 1 to 2 days be.fore transfer to the 
tunnel. 
Filling Tunnel 
The treated water was transferred to the tunnel by a 
low pressure technique to minimize contamination by air. 
The tunnel and pressure lines were evacuated to about 
.· 
5 inches of mercury absolute, the glass container was 
opened, and a pressure difference delivered water to the 
tunnel by way of the pump housing through 1/4-inch nylon 
tubing. Some free air was always trapped in the region 
of highe$t elevation and in the pressure lines when the 
tunnel was full of water. The air in the pressure lines 
was removed by allowing water to flow from the tunnel, 
through each line, to the dra~n. The air in the tunnel 
was removed in 3 to 5 minutes by venting through the cap 
of the settling chamber while tunnel water was circulated 
at low speed. 
The settling chamber was installed after the tunnel 
had been in operation for several weeks. Before installing 
this chamber most of the free air was removed from the tunnel 
in 30 to 45 minutes by venting through the expansion chamber. 
Cavitation Criteria 
After the system was filled and the free air removed, 
the temperature of the water in the tunnel was adjusted and 
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allowed to reach equilibrium.a The temperature was controlled 
by regulating the flow of cooling fluid through the heat 
exchangero Tests were started to study limited cavitation 
when the tunnel water reached the desired equilibrium 
temperature .. 
Limited Cavitation 
The degree or amount of cavitation produced in the test 
section is controllable .. The minimum degree of cavitation, 
herein termed limited cavitation, defines an operating point 
at which the formation and/or collapse of vapor bubbles on 
or near the model surface becomes detectable by visible 
means. It is realized that the limited degree of cavitation 
is somewhat arbitrary in that subvisible changes may occur 
in the water. However, for all practical engineering 
applications, subvisible changes in flowing water do not 
affect the usual performance parameters such as pump 
efficiency. 
The present investigation is primarily concerned with 
vaporous cavitation and not the relatively slow diffusion 
process of gaseous cavitation wherein degassing may occur 
from water that is locally supersaturated with air. To 
avoid or minimize de·gassing effects, no data are reported 
where supersaturated conditions, based on tunnel temperature 
and local static pressure, exist in the free-stream approach 
section. The degree of saturation was calculated from 
Henry's law, which states that saturation is directly pro-
1 1 1 
portional to local pressureQ 
In this investigation the occurrence of visible cavi-
tation at incipience was readily defined by the abrupt 
appearance of numerous and sizable cavities (at least 
1/8-inch long). The same degree of cavitation was also 
used to define desinent cavitationo In this investigation 
no difference was observed between incipient and desinent 
cavitationo A photograph showing typical incipient cavi-
tation in test section 3 is presented in Figure 530 These 
definitions of limited cavitation denote only the degree of 
cavitation and not the method by which it was producedo 
Methods of Producing Limited Cavitation 
Cavitation experiments in a tunnel are usually con-
ducted by holding the free-stream velocity constant and 
varying the free-stream static pressure, or by holding the 
pressure constant and varying the velocity. In this investi-
gation both methods were employed without any noticeable 
difference in results. Limited cavitation was produced in 
two ways: (1) by the onset method, and (2) by the sup-
pression methodQ With the onset method the overall system 
pressure was gradually reduced or velocity increased until 
incipient cavitation occurredQ With the supperssion method 
cavitation in excess of limited cavitation was first 
produced and then was suppressed or reduced to the desinent 
state by gradually increasing the system pressure or 
decreasing the velocity (see Table III). 
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Figure 53 . 
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Incipient Cavitation Induced on the 
Walls of Test Section 3 (Flow Direction 
from Top to Bottom of Page ) 
Initial Method of 
Flow Producing 
Regime Limited 
In Test Cavitation 
Section 
Non- Onset 
cavitating 
Non- Onset 
cavi ta ting 
Cavity Suppression 
Cavity Suppression 
TABLE III 
METHODS OF PRODUCING LIMITED CAVITATION 
Method of Producing Desired Additional 
Change In Condition Property 
Initial Flow Regime Change 
Will 
Velocity Pressure Produce 
Constant Decrease Incipient Cavity 
Cavitation Flow 
Increase Constant Incipient Cavity 
Cavitation Flow 
Constant Increase Desinent Non-
Cavitation cavitating 
Flow 
Decrease Constant Desinent Non-
Cavitation cavitating 
Flow 
Method Employed 
To Produce 
Property Change 
Reduce Pressure In 
Pressurizing 
Chamber 
Reduce Throttling 
With Throttle Valve 
Increase Pressure 
In Pressurizing 
Chamber 
Increase 
With Throttle Valve 
...l, 
...l, 
w 
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Oxygen Content of Water 
The dissolved oxygen content of the tunnel water was 
determined by the modified Winkler methodo The details of 
this method are given in Appendix E. Water samples were 
withdrawn from the bottom of the settling chamber while the 
tunnel water was circulated at low speed. Samples of JOO 
milliliters were obtained by extending a tube to the bottom 
of a JOO-milliliter glass bottleo The bottle was allowed 
to overflow 2 or 3 times its volume before replacing the 
stopper. Oxygen-content measurements were made at least 
at the start and end of each operating day and always after 
intentional change in air contento 
Stability of the air content during the 2- to 4-hour 
operating day was such that the oxygen content generally 
remained constant. Air was intentionally added for sub-
sequent runs to cover the program range of oxygen content 
from about 1 to 5 milligrams of oxygen per liter of water. 
This was accomplished by adding high-air-content water 
(available from the nonboiled supply) to the tunnel while 
an equal amount of tunnel water was withdrawn. 
CHAPTER VI 
RESULTS OF EXPERIMENTAL INVESTIGATION 
The experimental investigation was conducted using the 
small hydrodynamic tunnel described in Chapter IVo Three 
different test sections were used in this investigation 
(see Chapter IV for a description of the test sections)o 
Distilled water was used as the test liquid. The distilled 
water was studied over the following range of variables: 
throat ve.loci ty from 35 to 125 feet per second; temperature 
from 85° to 99°F; and relative OxYgen content from about 
0.10 to 0.70. 
Pressure Distribution Measured Along the Wall 
The pressure distribution (without cavitation present) 
experienced by a liquid flowing through a test section is 
important in estimating the minimum pressure within the 
test section during cavitation. The pressure distribution 
measured along the wall of each test section is presented 
in terms of the dimensionless pressure coefficient, Cp, 
X 
where 
0 (6-1) 
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The pressures along the wall of each test section were 
measured with mercury manometers as described in Chapter Vo 
The minimum pressures within each test section were well 
above the vapor pressure ..of the distilled water. This was 
~ 
done to ensure cav-i'ty free flow. During each test the 
velocity at the throat was determined by using the continuity 
-equation for steady-incompressible flow together with the 
cross-sectional area at the throat. This relation is 
(AV) 2 = (AV) t , (6-2) 
where the subscript 2 designates the throat of the calibrated 
metering venturi. The term (AV) 2 was known for all flow 
rates encountered in this investigation (see 'Appendix D). 
A computer program was written to determine the velocity at 
any point in the test section (see Appendix F)o 
The pressure coefficients for test sections 1, 2, and 3 
are shown in Figures 55, 56, and 57, respectivelyo The 
pressure coefficient should be approximately 1.0 at the 
entrance to each test section. This can be shown by applying 
the energy equation for steady-incompressible flow to a 
typical test section (see Figure 54). Thus, the energy 
equation becomes 
= 1 - • (6-3) 
"t"-throat 
Figure 54. Schematic of Typical 
Test Section 
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If the flow area at section "x'' is large when compared with 
the area at section "t", the second term on the right side 
of equation (6-3) approaches zero. The dimensionless 
potential energy term, 2g z/vt2 , is small because z is less 
than 6 inches. The fourth term on the right side of equation 
(6-3) represents energy dissipated through friction heatingo 
This term is small for the test sections used in this 
investigationo Ther~fore, the pressure coefficient, defined 
by equation (6~1), should be approximately 1.0 at the 
entrance to each test section .. 
The pressure coefficients for test sections 1 and 2 were 
approximately 1.0 at the entrance to each test sectiono The 
maximum and minimum values of Cp, for 4 test runs, were 
X 
used to plot Figures 55 and 56. The pressure coefficient 
for test section 3 was first determined by using the measured 
I 
~ 
II 
)( 
0. 
u 
I-°" 
z 
w 
(.) 
lJ_ 
lJ_ 
w 
0 
(.) 
w 
er: 
::::> 
(/) 
(/) 
w 
er: 
Q.. 
1.00 
0.80 I 
,_ 
I 0.60 
I 0.40 
0.20 
0 
0 
I 
I 
I I I I 
TE§T §ECTION. I 
I (AXISYMMETRIC) 
I 
POINTS AT EACH TAP LOCATION 
ARE MAXI MUM ANO MINI MUM 
VALUES OF 4 TEST RUNS, FOR 
A RANGE OF THROAT VELOCITIES 
FROM 60 TO 90 FPS. 
I i 
-
I 
I 
-
... V--0,,,,, I\ I I ~ I 
' 
\ ~l / . I I 
~ / f I 
/I ' I 
f ! I I I I i I . i 
i ' I ' 
I 
I 
i 
: 
- I 
2 3 4 5 6 7 8 9 10 11 
DISTANCE ALONG AXIS, X, INCHES 
Figure 55e Variation of Pressure Coefficient with Axial 
Distance for Test Section 1 
-
-
-
-
· 12 
_. 
_. 
(X) 
-~~ p. (\J I :-:--...._ 
o:> 0::: 
II 
ci 
u 
r" 
z 
w 
u 
I.I.. 
u... 
w 
0 
u 
w 
0:: 
::, 
Cf) 
Cf) 
w 
n:: 
a.. 
i 
I 
1.00 
I 
I 0.80 
I 
i 
I 060 
i 
i 
I 0.40 
... I 
I 0.20 
... 
00 
~ I I I I TEST SECTION 2 (AXISYMMETRIC l I POINTS AT EACH TAP LOCATION 
f 
ARE MAXIMUM AND MINIMUM 
I VALUES OF 4 TEST RUNS, FOR i 
I 
A RANGE OF THROAT VELOCITIES 
F'ROM 4 I TO 82 FPS. I 
I ,,.. 
! 
-,~ 
' 
I _..e,-
I " / 
-
~ fl 
I I I 
i I 
~ J I 
2 3 4 5 6 7 8 9 JO II 
DISTANCE ALONG AXIS, X, INCHES 
Figure 560 Variation of Pressure Coefficient with Axial 
Distance for Test Section 2 
. ~-
-
12 
--" 
--" 
\.0 
u 
- O> 11 N 
I ;:;-.... (i> 
0::: 
II 
>< 
a. 
u 
i-:-
z 
w 
u 
LL. 
Lt.. 
w 
0 
0 
w 
0::: 
:::) 
(!) 
(/) 
w 
0::: 
a.. 
TEST SECTION 3 
( TWO-DIMENSIONAL) 
POINTS AT EACH TAP LOCATION 
ARE MAXIMUM AND MINIMUM 
VALUES OF 4 TEST RUNS, FOR 
A RANGE OF THROAT VELOCITIES 
FROM 34.80 TO 91.03 FPS. 
i.OOt.r---!----.;,,-~~-M-~--c--,----+----t----+----1----t------1!----t------t 
QS01-~~t--~~f--~--i~~-+~~-\+-~~-+-~~-+~~---+-~~..J-~~..J-~~_j_~---l 
Q6Qi.--~_.._~~-4-~~-+-~~--~~++~~+-~~+--Ur,U-~;--~--+~~-+~~--+~~-i 
Q40t-~~~~~~~__;.~~----L~~-+-___,..,~-+-~----,H-~~__j._~~-+--~~+-~~+-~----I 
o.201-~~~~~~~~-l.-~~~~+-~~~~~~~~-l.-~~-\-~+-~-1'----'~~~~~~~~~+-~~~--1f--~~~--+~~~--t 
0 I 
0 2 3 4 5 6 7 8 9 10 
DISTANCE ALONG AXIS, X, INCHES 
Figure 570 Variation of Pressure Coefficient with 
Axial Distance for Test Section 3 
11 12 
_,, 
(',) 
0 
pressures and the calculated (by equation (6-2)) throat 
velocitieso This resulted in a wall pressure coefficient 
of 1o24 at the entrance to test section 3o The correct 
wall pressure coefficient, according to equation (6-3), 
should have been less than 1.0o This error resulted when 
the actual area at the throat was used to calculate the 
throat velocityo The actual throat area was too large. 
This resulted in a throat velocity which was too small. 
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In order to obtain a wall pressure coefficient of approxi-
' 
mately 1o0 at the entrance to test section 3, an effective 
flow area for the throat was used. The effective area of 
0019109 square inches was used instead of the measured area 
of 0021266 square inches. 
The difference between the flow area and the measured 
area at the throat of test section 3 was probably due to 
boundary layer effects and/or separation. A boundary layer 
could have had an influence since the parallel sides were 
00140-inch apart. The surface area of test section 3 was 
approximately twice that of test section 1 or 2; therefore, 
the boundary layer could have caused some effect upon the 
flow areao 
The major effect was probably due to separation within 
the diffuser. The diffuser was designed with a total angle 
of approximately 6i degrees. However, no separation was 
observed for.various flow rates without cavitationo Never-
theless, this does not eliminate the possibili t;y of separation 
being present at all flow rates. If separation occurred 
within the diffuser, the streamlines near the wall would 
have been shifted inward (see Figure 58). Thus, the flow 
area at the throat would have been decreased, which would 
have caused an increase in the velocity. 
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The effective area at the throat of test section 3 was 
calculated so that the wall pressure coefficient was 1.0 
at the entrance to test section 3. This was the throat 
area (0.19109 square inches) used to determine the throat 
velocity .. 
Tap 10 
Start of 
Diffuser 
Figure 58·. Schematic Showing Flow in 
Test Section 3 if Sepa-
ration Occurred 
Corrected Minimum Pressure 
The minimum pressure coefficient is a function of the 
local Reynolds number. As the Reynolds number increases 
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the minimum pressure coefficient usually decreaseso Incipi-
·ent cavitation will alter the flow area within the throat 
of a test section. This, in turn, will change the minimum 
pressure coefficient. 
Several test runs were made to determine the minimum 
pressure, during incipient cavitation, by an indirect 
method .. This method was based'. on·the assumption that the 
minimum pressure 09efficient was not altered by the formation 
of incipient cavit~tion. A typical test,·performed on test 
sectior1 1, is shown in Figure 59. The corrected minimum 
pressure Pc was computed by 
p = p - (p I - pt) 
C b b C · ' (6-4) 
where pb refers to the .pressure measured under incipient 
cavitating _conditions and pb' and Pc' refer to pressures 
measured at the same locations and at the same velocity but at 
a higher pressure in the absence of cavitationo The dotted 
line,. shown in Figure 59, was obtained with the use of 
equation (6-4). Curv~s A, B, and C were obtained without 
cavitation being present within the test sectiono Curve D 
was obtained with incipient cavitation within the test 
section. 
The method described above .was not used to predict 
the minimum pressure within a test section because it 
was based on the assumption that incipient cavitation 
does not alter the minimum pressure coefficient. 
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CURVES A, B, AND C WERE 
OBTAINED WITHOUT CAVITA-
TION WITHIN TEST SECTION 
5 6 7 8 9 
DISTANCE ALONG, AXIS OF TEST SECTION NO. I, INCHES 
Figure 59. l,'ressure Distribution in Test. Section 1 for 
Various Pressure Levels and a Constant 
Flow Rate 
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Data Reduc.tion 
The dynamic flow conditions du.ring cavitation were 
represented q~an~itativelr by the dimensionless cavitatiqn 
number, Kt, .. w];lere 
(6-5) 
A body submerged in. a flowing liquid has some critical. 
value of Kto The critical value of Kt is the value at 
which incipient cavitation occurs on the walls of the test 
section. 
where pi 
t 
For convenience it is given the sumbol K. : 
1t 
(6-6) 
was· m·easured-·w:ri-en:-·1ncipient cavitation occurred 
on the walls of the test sectiono The velocity Vi was 
t 
determined by equation (6-2) when incipient cavitation was 
present within the test section. During each. test the 
temperature of the water was recorded with a thermocouple 
which was connected to a digital voltmeter .. The method of 
least squares was used to obtain an equation relating the 
temperature to the electromotive-force produced by a thermo-. 
couple. The method of least squares was also used to obtain 
equations for density and vapor pressure as functions of 
temperatureo The~e equations were solved to obtain the 
density and vapor pressure for use in computing the incipient 
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cavitation numbero 
If the flowing liquid cavitates incipiently at the 
vapor pressure, the minimum pressure equals the vapor 
pressure; thus, 
(6-7) 
Consequently, a measured value of K. less than -C 
it Pmin 
indicates incipient cavi ta ti-on at a lac.al pressure less than 
the vapor pressure or, as defined herein, a local tensile 
stress in the liquido This discussion assumes that the non-
cavi tating values of CP (including CP . ) are valid at 
x min 
incipient cavitation conditions, since for these conditions 
only extremely small scale disturbances exist in the flow 
fieldo Such disturbances are usually considered to have a 
negli?ible effect on the value of CP. , at least for con-
. min 
ditions just prior to incipient cavitationo 
A value of K. greater than -CP indicates incipient 
it min 
cavitation at a local pressure greater than the vapor 
pressureo Thus, the liquid h.as not withstood any local 
tensiono 
The lower the value of K. , the more resistive is the it 
body to cavitationo Thus, K. is a useful index for com-it . 
paring the susceptibility of various conduit shapes to 
incipient cavitationo 
Results and Discussion 
_The results of the experimental investigation were 
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presented in terms of the incip~ent cavitation number and 
the pressure measured near the plane of incipient cavitationo 
Incipient Qavitation Number and Pressure ,V~riation with 
Velocity 
The pressures measured at the various pressure taps 
(located in the minimum area section of each test section), 
during incipient cavitation, were the values used in calcu-
lating the incipient cavitation numbers and are referred to 
as the cavitation pressures. Pressure taps 10, 11, and 10 
were nearest the location of incipient cavitation ·for test 
sections 1, 2, and 3 respectively. 
Incipient cavitation numbers and pressures were obtained 
for a range of throat velocities from 35 to 125 feet per 
secondo The incipient cavitation numbers and pressures were 
' plotted as a function of the·velocities at the taps where 
the cavitation pressures were measured, and are shown in 
Figures 60, 61., and 62· for test sections 1, 2, and 3, 
respectivelya The pressure near the plane of incipient 
cavitation increased as the throat velocity was increasedo 
Effect of Dissolved Oxygen Content 
The effect of the dissolved oxygen content on the 
incipient cavitation numb.er can be seen by examining Figures 
61 and 620 As the relative oxygen content was increased 
the incipient cavitation number increased .. This is in 
agreement with the nucleation theory. As the dissolved gas 
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content was increased it became easier for a bubble to forma 
Lehman and Young [3] were unable to observe any change 
in the incipient cavitation number over a range of air 
content from 25 per cent saturated to saturated conditionso 
Ruggeri and Gelder [33] observed an effect of air content 
on the incipient cavitation number. However, they used an 
audible method to detect the occurrence of incipient cavi-
tation~ They were unable to observe any effect in the 
incipient cavitation number when the visible method (method 
employed in this investigation) ·was used to detect the 
occurrence of cavitation. 
The incipient cavitation number for test section 1 is 
shown in Figure 600 During this investigation the dissolved 
. I 
oxygen content was not measurede However, the same procedure 
was used in preparing the distilled water and filling the 
tunnela The test performed after the settling chamber was 
installed probably had a lower dissolved gas contento The 
difference in the two incipient cavitation curves was 
probably due to temperature effectsa Temperature has a 
definite effect on the cavitation pressure., 
Effect of Pressure Distribution 
The effect of the_ pressure distribution on the incipient 
cavitation number can be seen by comparing the magnitudes 
of the cavitation number shown in Figures 60 and 61 with the 
cavitation number in Figure 620 A comparison between the 
pressure distributions c.an be obtained by examining -Figures 
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55, 56, and .57. The .cavitation number for test section 3 
was generally lower than for test sections 1 and 2 o This .. 
was attributed to the f'act .that a particle of liquid remained 
within the low,pressure region for a shorter period of timeo 
. . . . 
-Thus, the pressure distribution had an influence on the 
conditions at the plane of incipient cavitationo 
Tap Effects 
The pressure taps located in the minimum area section 
of test sections 1, 2", and 3 had an effec.t upon the proper-
ties at th~ plane of incipient cavitationo These tap 
,. 
openings served ·as weak spots for the formati 1on of ·cavi tieso 
For lo.w throat veloci tie·s .. {30 _1!<? ... 49 fps).. 1no cavi.tation was 
observed at the tap openings over the range of dissolved 
oxygen contents investigatedo The incipient cavitation was 
in the form of a complete ring (see Figure 63)o As the 
throat velocity was increased the complete ring disappeared 
and incipient ·cavitation usually stabilized at a few ~ar-
ticular locations. These locations usually included one 
'of the tap openingso 
As the dissolved oxygen content of the water was 
increased, the velocity at. ~he disappearance of the complete 
ring increased.a This.ring existed for throat velocities 
as high as 80 feet per second for a relative oxygen cont.ant 
of Oo 700 Thus, the dissolved gas. content of a liquid has 
an influence on the appearance {complete ring or local 
cavities) of incipient cavitation. · 
( a )• 3600 frames / s econd (b). 2900 frames/sec 
v . = 45 . 67 fps v. = 52 . 11 fps l t lt 
K. = 0 . 007 2 K. = 0 . 0022 lt lt 
..:r.. 
= 0 . 54 ..:r.. = 0 . 30 Ys Ys 
Figure 63 . Incipient Cavitation 
in Test Section 3 
(Flow Direction from 
Top t o Bottom of Page ) 
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( a ). V. = 50. 9 fps lt 
T = 92 . 66°F 
( b). V. = 50. 9 fps lt 
T = 93 . 22°F 
Figure 63 .~ Concluded. Incipient Cavi-
tation in Test Section 3 
(Flow Direction fr om Top 
to Bottom of Page ) 
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The pressure tap openings within the throat of test 
section 2 were p,Iugged during a series of incipient cavi-
tation testso This was done to check the effect of ~ap 
openings on incipient cavitationo No consistent effect 
could be determinedo. The method used to plug the tap 
openings was believed to be. inadequate. 
Local Tension 
/ Several tests were performed to determine the length 
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of time distilled water could flow in the tunnel and with-
stand tension (occurring in the test section) before cavi-
tation occurredo Before each test the tunnel liquid Wa$ 
allowed to sit for approximately 8 hourso When the tunnel 
motor.· was started enough time ( 15 to 30 minutes) was allowed 
for the system to reach the desired equilibrium temperatureo 
After the system reached the desired equilibrium temperature, 
the flow rate was increased until a desired minimum pressure 
occurred within the test sectiono When the desired minimum 
pressure was reached, a timer was started .. The timer was 
stopped when cavitation first appeared .. 
The time required for the liquid to cavitate appeared 
to depend on the flow·rate, magnitude of minimum pressure, 
dissolved oxygen content 1 history prior to test, pressure 
distribution, and exposure time (time a particle traveling 
along the wall remained in tension) o ',Figures 64, 65, 66, 
.and 67 show pressures recorded during typical tests .. When 
cavitation occurred, the cavities were in excess of incipient 
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cavitationo 
Several tests were·performed with varlous.amounts of 
maximum local tension (pmin - pv). As the maximum local 
tension was decreased, the time required for the water to 
cavitate incre.asedo The time required for the water to 
. . 
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cavi:tate increased as the dissolved oxyge!).., wafi decreased 0 .• 
Several tests were performed with the relative oxygen 
content near 0085. The water was unable to withstand.~ 
local tension during these tests .. 
After the.water had cavitated for a few minutes t~e 
· local tension could not be obtained until the water was. 
allowed to sit for several hours. Thus, the ability of a 
liquid to withstand local tension depends on the dissolved 
gas within the liquid. A further proof of this was reported 
by Jacobs and Martin [38]. They observed large tensile 
stresses in liquid hydrogen and nitrogen (low inert gas 
.content liquids) without the occurrence of ·cavitationo 
However, they did not measure these pressures directlyo 
CHAPTER VII 
CONCLUSIONS AND RECOMMENDATIONS 
The objective of this investigation was twofoldo First, 
a theoretical investigation was conducted to study the 
effects of viscosity, surface tension, density, pressure 
distribution, inert gas, polytropic constant, vapor pressure, 
and initial bubble radius on bubble growth and incipient 
cavitationo Second, an experimental investigation was 
performed in order to measure the pressure near the plane 
of incipient cavitation and to study the effect of different 
pressure distributions on incipient cavitationo This 
objective has been accomplishedo 
The equation of motion of a small bubble served as 
the starting point for the theoretical investigationo The 
experimental investigation was conducted using distilled 
water with a low dissolved gas content .. 
Conclusions 
The conclusions which have been reached as a result of 
the theo,retical investigation are: 
\ . 
1o For the quasistatic behavior of a small bubble, 
the maximum stable radius is not only a function 
of (p~ - pv) /2a but is also a function of the 
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polytropic constant .. 
2. The viscosity of the liquid can be neglected 
when studying the growth of small bubbles .. 
3. The surface tension, density, pressure distri-
bution, inert gas, polytropic constant, vapor 
pressure, and initial bubble radius must be 
considered when studying incipient cavitation. 
All of these variables exhibited an influence 
on the maximum bubble radius. 
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The conclusions which have been reached as a result of 
the experimental investigation are: 
1o The experimental investigation reported by Lehman 
and Young [3] appears to be correcto However, 
care must be taken in interpreting the results 
reported by Lehman and Youngo The pressures 
measured near the planes of incipient cavitation 
are not the minimum pressures within the test 
sectionso Also, separation was possible in the 
test section having the abrupt contouro 
2o Pressure distribution has a pronounced effect on 
the pressure at the plane of incipient cavitationo 
For bodies with flat, minimum-pressure profiles, 
the liquid will cavitate at higher pressures 
than for bodies with steep, narrow profileso 
3.. The inert gas content of a liquid has an important 
influence on the.pressure at the plane of 
incipient cavitationo This influence appears 
to be more important for liquids with low 
dissolved gas contentQ 
4o The ability of a liquid to withstand a local 
tension depends on the dissolved gas within 
the liquid, pressure distribution, exposure 
time, and history prior to the location where 
local tension is appliedo 
Recommendations for Future Study 
Areas which it is felt are worthy of future study 
include: 
1o Effects of pressure tap openings on incipient 
cavitationQ This will require the design of 
new test sectionsG The pressure taps within 
the minimum pressure region (taps 6, 7, 8, 9, 
10, 11, and 12 in Figures 47, 48, and 49) of 
each test section should be omitted until the 
necessary tests of incipient cavitation have 
been completed .. 
2o Incipient cavitation characteristics of liquids 
such as RP-1 and Freon at low dissolved gas 
content .. 
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Jo Tension-time characteristics of liquids other 
than watero This might be aided by some compre-
hensive experimental tension-time studies with 
static liquids .. 
4., Determine the initial bubble radius and/or radii 
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needed to satisfy the growth equationo This 
can be accomplished by solving the equation 
which describes the growth of small nuclei 
(equation (3-15)). The initial bubbl.e radius 
should be selected so that the bubble radius 
• 
and velocity, R, are satisfied at the plane 
of incipient cavitation .. Several tests should 
be conducted so. that a correlation between 
initial bubble radius, pressure distribution, 
and inert .. gas content can be obtained .. 
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DERIVATION OF EQUATION OF MOTION 
FOR A SPHERICAL BUBBLE 
The equation of motion for a growing bubble can be 
derived by applying the continuity and momentum equations 
to the liquid surrounding the bubble. The assumptions 
introduced to simplify the derivation will be discussed 
as they appear. 
The system will consist of the viscous, incompressible 
liquid surrounding a spherical bubble of radius R. The 
bubble will be filled with a mixture of inert gas and vaporo 
This growing bubble generates a velocity field within the 
liquid which, in turn, generates a stress field tending to 
retard the bubble's growth. 
The spherical symmetry of the situation makes it con-
venient to choose a spherical coordinate system with its 
origin at the center of the bubble, as illustrated in 
Figure 68. The velocity field generated in the liquid will 
have only a radial component, Vr(r, t). The pressure at 
any point in the liquid is also a function of rand t. 
Under the above assumptions the continuity and momentum 
equations reduce to 
(A-1) 
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and 
= - ..2]. + µLr~ o2 2 (rVr) - 2 ~] • (A-2) 
or [ or r 
In equation (A-2), PL is the density and µL the viscosity 
of the liquid. Both are assumed uniform and constant. 
Figure 68. Spheric/3J. Coordinate System 
By integrating equation (A-1) with respect tor with t 
held fixed, we find that 
Vr r 2 -- ,T,(t) ~ ' ' (A-3) 
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where 'P(t) is an arbitrary function oft. At the bubble 
wall, the liquid velocity must equal R(t) where a super-
imposed dot denotes ordinary differentiation with respect 
to time. Thus, the function 'P(t) can be expressed in terms 
of the radius and velocity of the liquid in contact with 
the bubble wall. This expression is 
(A-4) 
An expression for the velocity of the liquid can be obtained 
by substituting equation (A-4) into equation (A-3). The 
resulting equation is 
Equation (A-2) can be reduced to a simpler form by 
using equation (A-5)o The resulting equation is 
.2£ - - P L.1.. (R2 R + 2 R.2 R) - _g_ R4 (R) 2] 
or - L L~2 r5 • 
(A-5) 
(A-6) 
By integrating equation (A-6) with respect tor with t held 
fixed, we find that 
P [- l(R2 GQ 2 R2 R) + _j_ R4 C:a)2J p(r, t) = - R + L r 2r4 
+ z (t), (A-7) 
where Z (t) is an arbitrary function oft. The boundary 
conditions are 
p(r, t) = p(R + O,t) at the bubble wall 
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and 
p(r, t) = p= (t) as r ~ =. 
Thus, . equation (A-7) reduces to 
p(R + O, t) - p=(~) = •• 3 • 2 L [RR+~ (R) ]. (A-8) 
The stress components for the velocity field given by 
equation (A-5) are [50] (for the liquid) 
2 • 4µLR R 
crrr = - p(r, t) - r3 
2 • 2µLR R 
a 9,9 = a~, = - p(r, t) + 3 ' r 
ae, = air = 0 re = o. (A-9) 
Within the bubble, 
0 rr = 0 e e = cr,, = - (pg+ Pv)' 
(A-10) 
where Pv is the partial pressure of the vapor and Pg is the 
partial pressure of an inert gas. 
The stress components crtr and ore must be continuous 
across the bubble surfaceo A comparison of equations (A-9) 
and (A-10) reveals that this requirement is automatically 
satisfied. The stress component crrr must experience a jump 
of magnitude 2o/R at the bubble surface. a is the coefficient 
of interfacial tension. Comparing the first of equations 
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(A-9) with the first of equations (A-10), we find that the 
pressure just outside the bubble wall is given by 
• 
. 2a + 4µLR 
p(R + O, t) = Pg (t) + Pv (T) - R • (A-11) 
If we .substitute equation (A-11) into equation (A-8) we 
obtain an ordinary differential equation for the bubble 
radius as a function of the pressures inside and outside 
the bubble. The resulting equation of motion is 
~ 2 . 2a 4µL~ )i[R ii + 1 (R) J + y + ,--
(A-12) 
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7040 COMPUTER PROGRAM FOR ISOTHERIVIAL 
BUBBLE GROWTH 
This computer program is the solution to equation (3-22). 
Equation (3-22) was written in the following form to 
facilitate programming. 
•• 3 ~R) 2 [ C1 R R = - 2 R + C9 - R2 - C7 ~ + [C2 + C3 + C1/C5 - C8]. 
' + C8/H - C2/H - c3/H Cos (C4 • Time)] , (B-1) 
where 
C1 = 2a, C6 = R0 3, 
02 = PA C7 = 4µL' 
C3 = Po, CB = Pv, 
C4 = w, C9 = 1/PL. 
C5 = Ro, 
The initial conditions were 
R( 0) = R0 = R 1, 
and 
• 
R(O) = R01 = O.O. 
Several additional terms must be defined before the reader 
can follow the program with ease. These terms are read in 
as input data. They are 
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TI4 = Initial Time= 0.0, 
DR= a:R = O.O, 
• DRO =Lill= O.O, 
DT1 = tit, 
DT2 = Llt/2. 
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C SOLUTION TO EQUATION OF MOTION FOR ISOTHERMAL BUBBLE GROWTH 
100 FORMAT(1X,8(E14.6,1X)) 
200 FORMAT(D24. 16) 
202 FORMAT (6X ,31iT I 1, 12X ,2HR1, 12X ,3HR01, 12X ,4HR001, 12X ,3HTR1, 12X, 
13HTR3,12X,3HTR4,12X,4HPRES) 
DOUBLE PRECISION Tl1,Tl2,Tl3,Tl4,R1,R2,R3,R4,R01,R02,R03,R04, 
1R001,R002,R0034R004,TR1,TR2,TR3,TR4,TR5,TR6,TR7,TR8,TR9,TR10, 1TM1,TM2,TH3,TM ,TM5,TM6,TM7,TM8,TM9,TM10,TE1,TE2,TE3,TE4,TE5, 
1TE6,TE7,TE8,TE9,TE10,TRM1,TRM2,TRM3,TRM4,TRM5,TRM6,TRM7,TRM8, 
1TRM9,TRM10,0T1,DT2~DR,DRO,C1,C2,C3,C4,C5,C6,C7,C8,C9,PRES, 
163 
'1TR81,TM81,TE81,TRMu1 
5 READ(5,200)Tl4,R1 ,R01,DR,DR0,DT1 ,DT2,C1 ,C2,C3,C4,C5,C6,C7,C8,C9 
WRITE (6,200) R1,DT1,DT2,C1,C2,C3,C4,C5,C6,C7,C8,C9 
Z=O.O 
ZN=l 2. 0 
WRITE(6,202) 
6 Tll=Tl4 
Rl=Rl+DR 
R01 =ROl+DRO 
TR1=-(3.*R01**2)/(2.*R1) 
TR2=R1**2 
TR3=-C1 /TR2 
TR31=(-C7*R01)/R1**2 
TR4=C2+C3+C1/C5-C8 
TR5=R1**4 
TR6=(TR4*C6)/TR5 
TR7=-C2/R 1 
TR8=-C3/R 1 
TR81=C8/R 1 
TR9=C4,'<"T 11 
TR10=TR8*DCOS(TR9) . · 
R001 =TR 1 +C9,,,(TR3+ TR3 l+TR6+TR7+TR81+TR10) 
PRES=C2+C3*DCOS(TR9) 
Z=Z+ 1 • 
IF(Z-4500.) 1,1,5 
CONT I NUE 
TI 2=T I l+DT2 
R2=Rl+R01*DT2 
R02=R01+R001*DT2 
TM1=-(3.*R02**2)/(2.*R2) 
TM2=R2**2 
TM3=-Cl/TR2 
TM31=(-C7*R02)/R2**2 
TM4=C2+C3+C1/C5-C8 
TM5=R2,,..,,,4 
TM6=(TM4*C6)/TM5 
TM7=-C2/R2 
TM8=-C3/R2 
TM81=C8/R2 
TM9=C4*Tl2 
TMl 0=TM8*DCOS(TM9) · 
R002=TM1+C9*(TM3+TM3l+TM6+TM7+TM81+TM10) 
TI 3=T I 1+DT2 
R3=Rl+R02*DT2 
R03=R01+R002*DT2 
TEl=-(3. *R03**2 )/ (2. *R3) 
TE2=R3**2 . 
TE3=-C1 /TE2 
TE31=(-C7*R03)/R3**2 
TE4=C2+C3+C1/CS-C8 
TE5=R3**li 
TE6=(TE4*C6)/TE5 
TE7=-C2/R3 
TE8=-C3/R3 
TE81=C8/R3 
tE9=C4*Tl3 
TE10=TE8*DCOS(TE9) 
R003=TE1+C9*(TE3+TE31+TE6+TE7+TE81+TE10) 
T I 4= T I 1 +DT 1 
R4=R 1 +R03*DT1 
R04=R01+R003*DT1 
·. TRM1 =-:(3. *R04**2 )/ (2. *R4) 
TRM2=R4**2 
TRM3=-C1 /TRM2 
TRM31=(-C7*R04)/R4**2 
TRM4=C2+C3+Cl/C5-C8 
TRM5=R4**4 · 
TRM6=(TRM4*C6)/TRM5 
TRM7=.;_C2/R4 
TRM8=-C3/R4 
TRM81=C8/R4 
TRM9=Clt*TI 4 
TRM10=TRM8*DCOS (TRM9) . . 
R00lt=TRM1+C9*(TRM3+TRM31+TRM6+TRM7+TRM81+TRM10) 
DR=(DT1/6.)*(R01+2.*R02+2.*R03+ROlt) 
DR0=(DT1/6.)*(R001+2.*R002+2.*R003+R004) 
ZN=ZN+l. · .. 
IF(ZN-10~) 6~3,4 . 
3 WRITE (6,100 )T 11, R 1 , R01 , R001 , TR 1 , TR6, TR81 ; PRES 
ZN=O.O 
GO TO 6 
lt WR I TE(6, 1 OO)T 11,Rl ,R01,R001, TR1, TR6, TR81,PRES 
ZN=O.O 
GO TO 6 
25 STOP 
ENO 
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7040 COMPUTER PROGRAM FOR POLYTROPIC 
CHANGES DURING BUBBLE GROWTH 
7040 COMPUTER PROGRAM FOR POLYTROPIC 
CHANGES DURING BUBBLE GROWTH 
This computer program is the solution to equation (3-15) 
for polytropic changes within a bubble. Equation (3-15) was 
written in the following form to facilitate programming. 
where 
R = - .,l (R) 2 + C9 • [- L3a - C7 R + [C2 + 03 + C1/C5-C8]• 2 R R R2 
Ro Pv C2 C"l JPN ] 
--- + -R - -R - ~R Cos (C4 • Time) , R3PN+1 (C-1) 
C1 = 2a(T0 ), PN = Polytropic Constant, 
C2' = PA, C7 = 4µL' 
C3 = Po, C8 = Pv(To), 
C4 = w, C9 = 1/PL • 
C5 = Ro, 
The initial conditions were 
. R(O) = R0 , 
.and· 
• •• R(O) = R(O) = O • 
• Thus, R1 = R0 and R01 = R(O) = 0~ 
Several additional terms mu~t be defined before the reader 
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can follow the program. These terms are read in as input 
data. They are 
TI4 = o.o = Initial Time, 
DR= o .. o = 6R, 
• DRO = o.o = till, 
DT1 = At, 
DT2 = At/2, 
and 
TO = Temperature at time of' zero in oK. 
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C SOLUTION TO EQUATION OF MOTION FOR NONISOTHERMAL BUBBLE GROWTH 
100 FORMAT(1X,a(E14.6,1X)) 
200 FORMAT (D24. 16) . 
202 FORMAT(6X,3HTI 1, 12X,2HR1, 12X,3HR01, 12X,4HR001, 12X,2HT1, 12X, 
13HCX1,12X,3HPV1,12X,4HPRES) . · 
DOUBLE PRECISION T 11 , T 12, TI 3, Tl 4, R 1 , R2, R3, R4, R01 , R02, R03, R04, 
1R001,R002,R0034R004,TR1,TR2,TR3,TR4,TR5,TR6,TR7,TRa,TR94TR10, 1TM1,TM2,TM3,TM ,TM5,TM6,TM7,TMa,TM9,TM10,TE1,TE2,TE3,TE ,TES, 
1TE6,TE7,TE8,TE9,TE10,TRM1,TRM2,TRM3,TRM4,TRM5,TRM6,TRM7,TRMa, 
1TRM9, TRM1 O, DT 1 , DT2,.. DR, DRO, Cl , C2, C3, C4, C5, C6, C7, ca, C9, PRES, 
1TR81,TM81,TE81,TRMu1,TX1,TX2,TX3,TX4,TX5,PN,TO,T1,T2,T3,T4,CX14 1CX2,CX3,CX4,PV1,PV2,PV3,PV4,T1X,T2X,T3X,T4X,PVXl,PVX1,PVX3,PVX , 
1DT3,DT4 . 
5 READ (5,200 )T 14, R 1 , R01 ~DR, DRO, DT1 , DT2, Cl , C2, C3, c4, C5, PN, C7, ca, C9, 
1TO,DT3,DT4 . . · 
WR I TE (6,200) T I 4 , R 1 , RO 1 , DR, DR O, DT l , DT2 , C 1 , C2 , C3 , C4 , C5 , PN , C7 , ca, C9 
Z=O.O 
ZN=12.0 
RN=O.O 
WRITE(6,202) . 
TXl=DEXP(3.0*PN*(DLOG(C5))) 
TX2=3.0*PN 
TX3=3.0*(1.0-PN) 
TX4=C2+C3+( Cl/C5 )-ca 
TX5=TX1*TX4 
6 TI l=T 14 
Rl=Rl+DR 
R01=R01+DRO 
T1=TO*(DEXP(TX3*(DLOG(R1/C5)))) 
TR1=-(3.*R01**2)/(2.*R1) 
TR2=R1**2 
CX1=237.52aooooooo-0.3142340000*T1 
TR3=-CX1 /TR2 
TR31=(-C7*R01)/R1**2 
TR5=Rl*(DEXP(TX2*(DLOG(R1)))) 
TR6=TX5/TR5 
TR7=--C2/R 1 
TR8=-C3/R1 . 
TlX=Tl-273.161111000000 
PVX1=4.47388000+0.39396000*T1X+0.003a2000*(T1X**2)+ 
10.00045000*(T1X**3) 
PV1=1333.25511*PVX1 
TR81=PV1/R1 
TR9=C4*T 11 
TR10=TR8*DCOS(TR9) 
R001=TR1+C9*(TR3+TR31+TR6+TR7+TR81+TR10) 
PRES=C2+C3*DCOS(TR9) 
RN=RN+l.O 
IF(RN-2000.) 9,9,8 
8 DT1=DT3 
DT2=DT4 
9 Z=Z+l. 
IF(Z-6000.) 1,1,5 
1 CONT I NUE 
TI 2==T I 1+DT2 
R2==R1+R01*DT2 
. R02~R01+R001*DT2 . . 
T2==T0*(DEXP(TX3*(DLOG(R2/C5)))) 
TM1=-(3.*R02**2)/(2.*R2) . 
TM2=R2**2 
CX2=237.5280000000-0.3142340000*T2 
TM3=-CX2/TM2 
TM31=(-C7*R02)/R2**2 
TM5=R2*(DEXP{TX2*{DLOG{R2)))) 
TM6=TX5/TM5 
TM7=-C2/R2 
TM8=-C3/R2 
T2X=T2-273.161111000000 
PVX2=4.4738800o+0.39396000*T2X+0.00382000*(T2X**2)+ 
10.00045000*(T2X**3) 
PV2=1333.255110*PVX2 
TM81=PV2/R2 
TM9=C4*Tl2 
TM10=TM8*DCOS{TM9) 
R002=TM1+C9*(TM3+TM31+TM6+TM7+TM81+TM10) 
TI 3=T I 1+DT2 
R3=R1+R02*DT2 
R03=R01+R002*DT2 
T3=TO*(DEXP(TX3*(0LOG(R3/CS)))) 
TE1=-(3.*R03**2)/{2.*R3) 
TE2=R3**2 
CX3=237.5280000000-0.3142340000*T3 
TE3 ... -CX3/TE2 
TE31=(-C7*R03)/R3**2 
TES=R3*(DEXP(TX2*{DLOG(R3)))) 
TE6=TX5/TE5 
TE7=-C2/R3 
TE8=-C3/R3 
T3X=T3~273~161111000000 
PVX3=4.47388000+0.39396000*T3X+0.00382000*(T3X**2)+ 
10.00045000*(T3X**3) 
. PV3=1333.255110*PVX3 
TE81=PV3/R3 
TE9=C4*T 13 
TE 10=TE8,"rDCOS (TE9) 
R003=TE1+C9*(TE3+TE31+TE6+TE7+TE81+TE10) 
TI 4=T I l+DTl 
R4=Rl+R03*DT1 
R04=R01+R003*DT1 
T4=TO*(DEXP(TX3*(DLOG(R4/CS)))) 
TRM1=-(3.*R04**2)/(2.*R4) 
TRM2=R4**2 
CX4=237.5280000000-0.3142340000*T4 
TRM3=-CX4/TRM2 
TRM31=(-C7*R04)/R4**2 · 
TRMS=R4*(DEXP{TX2*{DLOG{R4)))) 
TRM6=TX5/TRM5 
TRM7=~C2/R4 
TRM8=-C3/R4 
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T4X=T4-273.161111000000 
PVX4=4.4738800o+0.39396000*T4X+0.00382000*(T4X**2)+· 
10.00045000*(T4X**3) . 
PV4=1333. 25511 O*PVX4 
TRM81=PV4/R4 
_TRM9=C4*T 14 . 
TRM10=TRM8*DCOS(TRM9) 
R004=TRM1+C9*(TRM3+TRM31+TRM6+TRM7+TRM81+TRM10) 
DR=(DT1/6.)*(R01+2.*R02+2.*R03+R04) 
DRO=(DT1/6.)*(R001+2.*R002+2.*R003+R00lt) 
ZN=ZN+l. 
· IF(ZN-10.) 6.3.lt 
3 WRITE(6,100)Tl1,R1,R01.R001,T1,CX1,PV1.PRES 
ZN=O.O . 
GO TO 6 . 
it WRITE(6,100)Tl1.R1,R01,R001,T1,CX1.PV1.PRES 
ZN=O.O 
GO TO 6 
·25 STOP 
END 
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CALIBRATION OF METERING VENTURI 
Tap water was used to calibrate the metering venturi 
over a range of flow rates from 5 to 95 gallons per minute. 
The pressure drop between the inlet and throat was measured 
with a U-tube manometer. Two different manometer fluids 
were used. Mercury was used as the manometer fluid when 
the pressure drop was greater than 2 inches of mercury. 
"1VIeriam 11 1. 75 specific gravity manometer 'fluid was used 
when the pressure drop was less than about 2 inches of 
mercury. The system used to calibrate the venturi is shown 
in Figure 69 .. 
The metering venturi was calibrated in the actual 
position with respect to other parts of the tunnel. This 
was done to eliminate any error that might occur due to a 
change in the flow pattern at the entrance to the venturi. 
The calibration tests were performed by measuring the 
time required for 800 pounds of water to enter a weighing 
tank., A Fairbanks Morse balance was set so that it became 
balanced a few seconds after flow was switched into the 
measuring tank. The timer was started when the balance 
passed through the equilibrium point. The necessary weights 
were then added to the balance to allow 800 pounds of water 
to enter the weighing tank. When the balance reached the 
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Figure 69. Schematic of Facility Used to Calibrate 
Metering Venturi 
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equilibrium position for the second time, the timer was 
stopped. 
During each run the pressure drop across the metering 
venturi and the temperature of the water were recorded. The 
temperature was measured with a calibrated mercury thermome-
ter to within one tenth of a degree. 
The pump suction head was maintained constant by main-
taining a constant level in the supply tank. A Bourdon-tube 
pressure gage was mounted on the downstream side of the 
centrifugal pump. The discharge pressure was constant for 
any given run. However, this pressure varied about 5 psi 
over the range of flow rates used to calibrate the venturi. 
Figure 70 shows the variation of pressure drop across 
the venturi with flow rateo This curve indicates the 
repeatability of the data. 
The effect of changes in fluid properties upon the actual 
.velocity can be taken into account by a relationship between 
the discharge coefficient, CD' and the Reynolds number, RE" 
Thus, the experimental data shown in Figure 70 were reduced 
and plotted in Figure 71. The method of least squares was 
used to obtain a relationship between the discharge co-
efficient and the Reynolds numbero This relationship is 
2 CD = 0 .. 41509 + O. 19480 (log10RE) - 0.01671 (lo~ORE) • (D-1) 
The maximum deviation between the predicted and actual discharge 
coefficients was· 1ess than 00005. Thus, the actual velocities, 
calculated through the use of equation (D-1), are in error by 
less than 1 per cent. 
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METHOD USED TO DETERMINE THE DISSOLVED 
OXYGEN CONTENT OF WATER 
The Alsterberg modification of the Winkler method .was: 
used to determine the dissolved oxygen conte.nt of the 
tunnel water- [4:9J .. , The details_ of preparing the reagents 
and running the test are reported below. 
Reagents 
- Manganous Sulfate Solution 
This solution was prepared by dissolving-364 grams of 
MnS04 °H20 in distilled water, filtering, and diluting to 
1 liter. When uncertainty exists regarding the water of 
crystallization, a solution of equivalent strength may'be 
obtained by adjusting the specific gravity of the solution 
to a value of 1.270 at 20°c. The manganous sulfate solution 
should liberate not more than a trace of iodine when added 
to an acidified solution of potassium iodide. 
Alkali-Iodide-Azide Reagent 
This reagent was prepared byl dissolving 500 grams of 
NaOH and 135 grams of NaI in distilled water and diluting 
to 1 liter. A solution of 10 grams of NaN3 dissolved in 40 
milliliters (ml) of distilled water was added to the above 
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solution. 
Concentrated Sulfuric Acid 
The strength of this acid is about 36N. 
Starch Solution 
This reagent was prepared. by mixing 5 to 6 grams of 
soluble potato starch with a small quantity of distilled 
water. This emulsion was poured into 1 liter of boiling 
distilled water, and the mixture was allowed to boil for 
a few minutes. The mixture was allowed to cool and settle 
. overnight before the clear supernatant was removed. The 
clear supernatant was preserved by the addition of a few 
drops of toluene. 
Standard Sodium Thiosulfate Solution, 0.025N 
This solution was prepared by dissolving 6.205 grams 
of Na2S203 9 5H20 in freshly boiled and cooled distilled water 
and diluting to 1,000 ml. The solution was preserved by 
adding 0.4g of NaOH per liter. 
Testing Procedure 
The samples of tunnel water were collected in 3QO-ml 
glass bottles. Two milliliters of the MnSO 4 solution·, 
followed by two milliliters of the alkali-iodide-azide 
reagent; were added to the samples by placing_the end of 
the pipettes well below the surface of the liquid. The 
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300-ml bottles were restoppered with care so that no air 
bubbles would be trapped. The bottles were inverted several 
times to obtain a homogeneous mixture. These samples were 
allowed to settle until at least 100 ml of clear super-
natant could.be observed. At this point the stoppers were 
removed from the bottles and 2 ml of concentrated H2so,4 were 
immediately added to each by allowing the acid to run down 
· the neck of each bottle. The 'bottles were restoppered, 
and the acid was mixed by gentle inversion until dissolution 
was complete. The iodine was uniformly distributed through-
out the bottles before the amount needed for titration was 
decanted. This corresponds to 200 ml-of the original 
sample. Thus, the volume taken for titration was 203 ml. 
The 203 ml sample was titrated with 0.025N thiosulfate 
to a pale straw c·olor. Then, approximately 2 ml of freshly 
prepared starch solution was added, and the titration was 
continued until the first disappearance of the blue color. 
Oxygen Content 
Since 1 ml of 0.025N Na2s2o3 is equivalent to 0.2 mg 
of d·issolved oxygen (DO), each milliliter of sodium thio-
sulfate used is equivalent to 1 mg/liter of DO if a volume 
of 2oo·m1 of original sample is titrated. 
APPENDIX F 
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C VELOCITY AT ANY POINT IN TEST SECTION, FT/SEC 
C N = NUMBER OF DIAMETERS 
C DD(I) = AREA IN SQUARE INCHES . 
C GELL~ READING IN INCHES OF LEFT LEG 
C RLEG = READING IN INCHES OF RIGHT LEG 
C VOLTM = READING OF DIGITAL VOLTMETER IN MILLIVOLTS 
50 FORMAT(l2) . . 
100 FORMAT(F16.8) 
200 FORMAT(l2,2X,F14.6,2X,F14.6,2XtF14.6) 
300 FORMAT(1H0,11H RUN NUMBER,4Xl2J 
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301 FORMAT(1H0,25X,5HTEMPF, 12X 4HROWL, 12X 4HDELT 12X,5HCDACT) . 
400 FORMAT(lH0,1HVtl2,1H=,F12.4,6x,F12.4,4x,F12.4,4x,F12.4,4X,F12.4) 
DIMENSION DD(2J,V(2) · 
READ(5,50) N . 
DO 4 I =1 , N 
READ(5,100) DD(I) · 
4 CONT I NUE 
5 READ(5,200) NORUN,GELL,RLEG,VOLTM 
· IF(NORUN.EQ.O) GO TO 40 
WRITE(6,300) NORUN 
WRITE(6,301) . 
TEMPF=35.64092900+39.17030700*VOLTM+3.82124360*(VOLTM**2) 
1-1.09680340*(VOLTM**3) . · . . 
SPVOL=15.99722900-0.00037980*TEMPF+0.00001744*(TEMPF**2) 
ROWL=( 1000. 0000)/ (SPVOL) .. 
TEMPC=(TEMPF-32.0000)/(1.8000000) 
C=TEMPC~B.43500 
D={8078.40o+(C**2))**0.50 .. 
VSCOS=14.8800*(2.14820*(C+D)-120.000) 
CDASU=0.97000 . 
DELT=GELL+RLEG 
DELTH=DELT/12.0000 
6 VELOC=CDASU*( (832.81500*DELTH)**0.50) 
REY•ROWL*VELOC*VSCOS*O. 073000 
X=ALOG10(REY) · 
CDACT=0.41509o+0.19480*X-0.016710*(X**2) 
B=CDA CT-CDASU 
B=ABS(B) 
IF(B-0.000010) 20,20,10 
10 CDASU=CDACT 
GO TO 6 
20 1=1 
DO 30 1=1,N . 
V( I )=(0.602695190/DD( I) )*VELOC 
WRITE(6,400) J ,V(I ),TEMPF,ROWL,DELT ,CDACT 
30 CONT I NUE. 
GO TO 5 
. 40 STOP 
END 
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